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ABSTRACT 
Mechanically interlocked architectures have gained much attention due to their unique non-
trivial topology and dynamic behaviour.  Despite increasingly complex supramolecular 
topologies being reported, in many cases their synthesis is laborious and expensive via 
kinetically controlled multi-step pathways.  The development of more efficient synthetic 
protocols for interlocked architectures presents a continual challenge to supramolecular 
chemists.  This research project explores novel ways of preparing of catananes and rotaxanes 
both in solution and on solid supports. 
 
Accordingly, the research presented in this thesis is divided into two sections.   The first 
section describes the design and synthesis of a series of macrocycles, [2]catenanes and 
[2]rotaxanes using reversible dynamic covalent chemistry.  In these systems, π-π stacking 
interactions are exploited to direct the dynamic assembly of interlocked architectures from 
libraries containing dithiol-functionalised naphthalene diimide, zinc (II) metallated 
porphyrin, and dialkoxynaphthalene building blocks.  Large scale dynamic libraries allowed 
the resulting interlocked architectures to be isolated and characterised by 1H NMR 
spectroscopy.  Whilst an array of catenanes have been prepared using disulfide exchange, 
this work describes the rare synthesis of a disulfide-linked rotaxane.   
 
The second section then examines the attachment of these interlocked architectures to 
swelling polystyrene resins using a Cu (I) catalysed “click” procedure.  Analysis of the solid-
tethered systems by gel-phase 1H High Resolution Magic Angle Spinning (HR MAS) NMR 
spectroscopy enabled a direct comparison between the solid-tethered architectures and the 
synthesis and characterisation of their solution-based analogues.  Finally, preliminary 
experiments towards the assembly of interlocked architectures on surfaces using reversible 
bond formation are discussed. 
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CHAPTER 1 
 
INTRODUCTION 
 
Chemists have been captivated by mechanically interlocked molecular assemblies ever 
since their inception in the 1960s.  The key feature of interlocked architectures is that the 
individual molecular components are held together by mechanical not covalent bonds and 
as such the individual components cannot be separated without breaking at least one 
covalent bond (Figure 1.1).1-5  Significant developments in fundamental supramolecular 
concepts such as self-assembly,6,7 self-organisation,8,9 molecular recognition,6,10 template-
directed synthesis,11-14 and dynamic covalent synthesis15,16 have unlocked access to 
increasingly elaborate interlocked architectures including knots,17-22 suitanes,23,24 
Borromean rings,22,25-27 and ravels.28,29  These unique molecular architectures have shown 
promise in the areas of sensing, catalysis, and even artificial molecular machines, and thus, 
facile synthetic routes to these complex systems are of great interest.30-36 
 
Figure 1.1  Types of mechanically interlocked molecules now synthetically accessible. 
 
Additionally, mechanically interlocked molecules exhibit dynamic behaviour and 
functionality as a consequence of relative movements between their individual 
components.  Examples of this include the circumrotation of  a catenane’s interlocked rings 
and the shuttling of a ring between “stations” along the dumbbell thread of a rotaxane.  
Catenane Trefoil Knot 
Rotaxane Solomon Knot Borromean Rings 
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Recent research has successfully used external stimuli to control the dynamic behaviour of 
complex catenane-rotaxane systems thereby generating a range of molecular switches, 
shuttles, ratchets, and molecular motors. 31,33-36   Already these interlocked molecules have 
found exciting applications as sensors, molecular muscles, and molecular memory 
devices.31,33-36    
 
The research presented in this thesis is concerned with new synthetic protocols for the 
preparation of rotaxanes and catenanes both in solution and at the solution-surface 
interface.  Therefore, this literature review initially examines recent developments in the 
design and preparation of interlocked architectures.  The advantages of thermodynamic 
control and dynamic covalent chemistry in assembling mechanically interlocked molecules 
will be subsequently discussed.  Finally, the adaptation of solution-based interlocked 
architectures into solid-tethered systems will be examined with a specific focus upon the 
use of swelling polystyrene resins as the solid support.   
 
1.1 DIRECTED ASSEMBLY OF INTERLOCKED ARCHITECTURES 
Initial attempts to synthesise catenanes and rotaxanes involved a statistical approach that 
relied upon the chance assembly of a pseudorotaxane precursor prior to formation of the 
macrocyclic ring.30,31  Given that Wasserman demonstrated the statistical probability of 
threading a linear molecule through the cavity of a macrocycle is approximately 0.01%,30 it 
is not surprising that this approach afforded low yields of mechanically interlocked 
molecules (1-6%).30,31  Schill and co-workers subsequently devised “covalent bond-
directed” syntheses wherein the components were covalently locked together to increase 
formation of pseudorotaxane precursor, and the desired [2]catenane was then generated 
by breaking the covalent bonds so that the rings were no longer covalently attached.  
However, this approach was hampered by lengthy synthetic steps and failed to significantly 
improve overall yields of interlocked products.32,33   
 
The synthesis of mechanically interlocked architectures dramatically improved with the 
realisation that intermolecular forces including π-π stacking,10,34 hydrogen bonding,35-38 
electrostatic (ion-ion or dipole-dipole interactions),13,39 charge-transfer interactions,11,40 
hydrophobic interactions,41 van der Waals interactions,39 coordinative bonding,42-45 and 
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even radical-pairing interactions46 could be used to direct molecular components into 
specific assemblies.  This discovery led to the development of directed synthesis approaches 
wherein the careful incorporation of complementary binding sites, which enhance binding 
between hosts and guests, enabled interlocked architectures to be obtained in high yield 
(Figure 1.2).47 
 
Figure 1.2  Schematic illustration of statistical catenation (left), covalent-directed catenation 
(center), and directed catenation (right). 
Figure was adapted from reference 11. 
 
For over a quarter of a century, π-π stacking interactions between π-electron-rich (donor) 
and π-electron-deficient (acceptor) aromatic motifs have been exploited to direct the 
assembly of interlocked compounds, ranging from simple [2]catenanes and [2]rotaxanes 
to more elaborate knots and Borromean rings.11,48,49  Stoddart’s group were one of the first 
to use π-π stacking interactions between complementary aromatic units, greatly 
augmented by [C-H···O] and [C-H···π] interactions, to direct the synthesis of a [2]catenane.50  
The π-rich macrocycle, bis-p-phenylene[34]crown-10 1.1, 1,4-bis(bromomethyl)benzene, 
and the dication salt 1.2.2PF6 were the fundamental building blocks of this system (Figure 
1.3).  Initially, 1,4-bis(bromomethyl)benzene reacted with 1.2.2PF6. to form an 
intermediate trication.  The electron-deficient bipyrdinium motif subsequently threaded 
through the electron-rich crown 1.1 to afford the [2]pseudorotaxane, which was stabilised 
by both favourable π-acceptor/π-donor stacking and [C-H···O] electrostatic interactions.  
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Subsequent cyclisation of this trication produced the [2]catenane 1.3.4PF6 in a 70% yield.  
Similarly, the analogous [2]rotaxane 1.5.4PF6 was prepared in a 32% yield by clipping 
1.2.2PF6 around a dumbbell component 1.4 that contained two π-rich hydroquinone units 
(Figure 1.3).51  The electron-deficient cyclophane component of Stoddart’s prototype 
cyclobis(paraquat-p-phenylene) [2]catenane and [2]rotaxane has since been incorporated 
in a diverse array of complex interlocked architectures such as a branched [7]catenane52 
and various oligorotaxanes.53  
 
 
 
Figure 1.3  Stoddart’s π-donor/acceptor templated synthesis of [2]catenane 1.3.4PF6 (top) and 
[2]rotaxane 1.5.4PF6 (bottom).              
                                                                                                                  
The toolkit of intermolecular interactions has been gradually expanded to include metal-
ion directed π-donor/acceptor recognition, radical pairing interactions, and neutral 
recognition motifs.10  Notably, pyrometallitic diimide and naphthalene diimide units have 
been used extensively in the preparation of neutral catenanes and rotaxanes.54-57  The 
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stabilisation and directionality of hydrogen bonds has also been exploited in the synthesis 
of neutral interlocked compounds.  Initially, Hunter58 and Vögtle59 independently reported 
that amide-based [2]catenanes can be synthesised in reasonable yields via amide-forming 
reactions in which the intermediates are held in place by strong [C=O∙∙∙H–N] hydrogen 
bonds.  Leigh and co-workers subsequently developed an efficient one-step synthesis of an 
amide-based [2]catenane wherein catenane formation is facilitated by two types of 
interactions, namely the [C=O∙∙∙H–N] hydrogen-bonds and the  π-π interactions between 
phenylene rings.60  Building upon this breakthrough, Leigh’s group later reported the 
hydrogen bond directed synthesis of a “three-station” amide-based [2]catenane that serves 
as the basis for a unidirectional photochemically driven molecular motor (Figure 1.4).61 
 
 
Figure 1.4  Leigh’s hydrogen bond directed synthesis of a [2]catenane. 
Figure was adapted from reference 61. 
 
1.2 TEMPLATE DIRECTED SYNTHESIS 
Sauvage and co-workers were the first to develop a template-directed strategy for the 
synthesis of interlocked architectures based on metal-ligand coordination.62,71  They 
demonstrated that a Cu(I) cation could be used to bind a 1,10-phenanthroline-based thread 
inside a 1,10-phenanthroline-containing macrocycle in an orthogonal geometry thereby 
yielding a [2] pseudorotaxane precursor(Figure 1.5).47  The ensuing cyclisation of the 
thread produced the corrresponding [2]catenate in 42% yield.  
 
Chapter 1:  Introduction 
 
6 
 
 
Figure 1.5  Sauvage’s Cu(I)-templated synthesis of a [2]catenate.                                                 
  Figure was adapted from references 3, 56 and 58.  
 
The subsequent growth of template-directed strategies significantly improved yields of 
mechanically interlocked architectures.  However, these protocols were restricted to the 
use of at least one binding site per macrocycle, and thus, required a minimum of n-1 
templates per n interlocked components.  Work by Leigh et al. overcame this restriction by 
developing a strategy wherein a single binding site on the thread was used to clip on as 
many macrocycles as required (and permitted by the length of the thread), through the 
repetition of three simple steps (Figure 1.6).45,63,64  The iterative addition of macrocycles 
was achieved via these steps:  (i) complexation of the pyridine group of the thread (or 
rotaxane) with a Pd(II) complex, (ii) macrocyclisation by ring-closing metathesis to 
mechanically lock the macrocycle onto the thread, and (iii) demetalation to regenerate the 
metal-free pyridine coordination site.  This process was repeated three times to build up 
threaded rings thereby generating a [4]rotaxane.  Since the macrocycles cannot pass 
through the cavities of each other, the concept was further extended to afford controlled 
sequence isomerism in rotaxanes via sequential addition of constitutionally different 
macrocycles to the thread.65 
 
 
 
 
 
 
Cu+ 
Cu+ 
Cu+ 
Cu+ 
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Figure 1.6  The controlled iterative synthesis of a [4]rotaxane. 
Figure was adapted from references  63, 64, and 45. 
 
 
Building upon the principles of template-directed synthesis and transition-metal catalysis, 
Leigh and co-workers have recently developed an “active-metal” template synthesis.  In this 
strategy, a metal cation not only acts as the template to bring the molecular components 
together in such a way that favours interlocking, but the metal also catalyses the crucial 
covalent bond formation that captures the mechanically interlocked structure.37,66-68  Early 
examples of this approach took advantage of the Cu(I) catalysed “click” reaction to 
assemble catenanes and rotaxanes.69  The coordination of Cu(I) to a pyridine-containing 
macrocycle enables building blocks containing alkyne and azide moieties to bind to the 
Cu(I) in such an orientation that the covalent bond formation occurs within the cavity of 
the macrocycle to afford interlocked architectures (Figure 1.7).  Active-metal template 
“click” chemsitry has been shown to work well for both mono- and bidentate pyridine 
containing macrocyclic ligands, and it has even been used to prepare complex two-station 
molecular shuttles in which interstation shuttling can be controlled by coordination to 
different metal ions.67  The active-metal template strategy has since been extended to a 
range of metal cations and reactions such as palladium- and copper-catalysed 
alkyne homocouplings and heterocouplings as well as palladium-catalysed oxidative Heck 
couplings and Michael additions.68 
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Figure 1.7  Active metal template synthesis of [2]rotaxanes using the Cu(I) catalysed “click” 
reaction. 
Figure was adapted from reference 69. 
 
1.3 SYNTHESIS OF INTERLOCKED ARCHITECTURES USING DYNAMIC COVALENT 
CHEMISTRY 
Recently, significant breakthroughs in the synthesis of mechanically interlocked 
architectures have been made using a thermodynamically-driven approach. One of the 
drawbacks of the kinetically controlled synthesis of interlocked architectures is the 
formation of non-interlocked byproducts that decrease overall reaction efficiency.  For 
example, in a clipping protocol for [2]rotaxane synthesis the free macrocycle can form in 
addition to the desired rotaxane thereby reducing the yield of interlocked products 
(Scheme 1.1).15,70  However, if reversible or dynamic bonds are used in macrocycle 
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formation, any non-interlocked macrocycle products can reopen and reassemble around 
the dumbbell thread.  This reversibility effectively introduces a “proof-reading” mechanism 
into the synthesis.71  Since mechanically interlocked molecules are typically lower in free 
energy than their non-interlocked counterparts, increased yields of interlocked 
architectures are often observed under thermodynamic control.70-72 
 
 
Scheme 1.1  Graphical representation of the “clipping” protocol of rotaxane synthesis via a kinetic 
approach and a thermodynamic approach. 
 
The energetic bias towards interlocked architectures renders dynamic covalent chemistry, 
which is the chemistry of thermodynamically controlled bond formation, a powerful tool in 
the creation of mechanical bonds.15,16  Numerous reversible covalent bond forming 
reactions, including imine, acetal, hydrazone, and ester formation as well as Aldol, Diels-
Alder, Michael, nucleophilic substitution, and olefin metathesis reactions, have been used 
to prepare mechanically interlocked compounds in high yields.15  This research project will 
explore the dynamic covalent assembly of catenanes and rotaxanes using disulfide 
exchange.  Consequently, this literature review will focus on previous reports of disulfide 
linked supramolecular architectures.  
 
 
1.3.1 Using Disulfide Exchange to Assemble Interlocked Architectures 
The generally accepted mechanism of disulfide exchange involves initial deprotonation of 
the thiol to thiolate anion followed by its nucleophilic attack upon the sulfur atom of the 
original disulfide bond (Scheme 1.2).73,74  This attack cleaves the original disulfide bond 
thereby releasing thiolate anion and allowing formation of a new disulfide bond.  A pH 
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range of 7-9 is generally required to generate a concentration of thiolate anion that is 
sufficient to initiate disulfide exchange.  This pH-sensitivity of disulfide exchange allows the 
equilibrating system to be “frozen” by simply lowering the pH.   
 
 
Scheme 1.2  Mechanism of disulfide exchange as mediated by residual thiolate anion. 
 
Disulfide exchange has been extensively exploited in the preparation of dynamic libraries 
of macrocycles and in the preparation of elaborate interlocked architectures, such as [2]- 
and [3]catenanes,75-82 multi-component cages,83 and even a trefoil knot,17 that are 
otherwise inaccessible by conventional kinetically-controlled synthetic protocols.  
Generation of such disulfide libraries can occur via two routes: (i) thiols are submitted to 
irreversible air oxidation and simultaneous disulfide exchange that is mediated by thiolate 
anion, or (ii) preformed disulfides are reactivated via the addition of a reducing agent such 
as dithiothreitol.73 The dynamic libraries are highly sensitive to subtle manipulations of 
chemical interactions and environmental stimuli with even a small change in free energy 
affording a logarithmically amplified change in the equilibrium position.78  Consequently, 
the influence of all non-covalent interactions must be taken into account in order to fully 
understand and rationalise the thermodynamic outcomes observed in disulfide libraries. 
 
Otto, Sanders and co-workers were among the first to generate complex libraries of 
disulfide linked macrocyclic receptors from simple thiol building blocks.84   Initiation of 
disulfide exchange in an aqueous solution of three dithiol building blocks 1.9, 1.10 and 
1.11, which were inspired by the architecture of Dougherty’s cyclophane receptor 1.12,85 
generated a library of 45 different macrocyclic disulfides (Figure 1.8).  Given the high 
affinity of the electron-rich aromatic hydrophobic cavity of such macrocycles for 
hydrophobic cationic guests, it was anticipated that exposing this library of interconverting 
receptors to ammonium guest 1.13, which is a strong binder to receptor 1.12, would result 
in amplification of disulfide analogues of Dougherty’s cyclophane.  However, addition of 
guest 1.13 unexpectedly induced amplification of cyclic trimer 1.14 with binding studies 
revealing that the affinity of 1.13 for 1.14 was the same order of magnitude as that for 
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Dougherty’s receptor.  The library was then exposed to other organic cations with the view 
to uncovering other novel receptors.  Accordingly, the addition of larger ammonium guest 
1.15 amplified trimer 1.17, whereas addition of smaller guest 1.16 amplified tetramer 
1.18 (Figure 1.8).  The assembly of 1.18 was especially remarkable because amplification 
was selective for only one of four possible diastereoisomers, namely the RR, SS, RR, SS meso 
diastereisomer, which was the only stereochemistry that could efficiently fold around 
template 1.16 to optimise cation-π interactions through an induced-fit selection process.89  
 
 
Figure 1.8  Selective amplification in a dynamic combinatorial library containing 45 different 
disulfide-linked macrocyclic receptors.                                                                                                                      
Figure was adapted from references 86 and 84.  
 
Whilst a multitude of libraries of macrocyclic disulfides have been generated in aqueous 
media, only a few studies have explored disulfide exchange in organic solvents.  Notably, 
Kieran et al. reported the generation of a library of disulfide-linked porphyrin macrocycles 
in chloroform from dithioporphyrin 1.19 (Figure 1.9).87  Exposing this library to bidentate 
ligands such as DABCO resulted in amplification of a cyclic dimer, whereas addition of 
tridentate ligands such as tripyridyl triazine induced the formation of a cyclic trimer.  
Likewise, a cyclic tetramer was amplified by the addition of a tetradentate tetrapyridyl 
rac-1.9 
1.10 1.11 
1.12 
1.13 
1.14 
1.15 
1.16 
1.18 
1.17 
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porphyrin ligand.  Kieran et al. subsequently reported that the inclusion of a 
hexylsubstituted naphthalene diimide guest in this library amplified homoporphyrin 
dimers, wherein the electron-deficient diimide guest inserted between the two electron-
rich porphyrin moieties, which were stabilised through π-π stacking interactions.88   
 
. 
 
Figure 1.9  Selective amplification of porphyrin macrocyclic receptors from a dynamic 
combinatorial library of disulfides.                                                                                                                        
Figure was adapted from references 75 and 99. 
 
As previously discussed, donor-acceptor interactions have been used to direct the 
kinetically controlled synthesis of mechanically interlocked structures for 30 years.  By 
exploiting π-π stacking and hydrophobic interactions, Sanders’ group have constructed a 
diverse array of disulfide-linked catenanes from complementary electron-deficient 
naphthalene diimide and electron-rich dialkoxynaphthalene motifs.  One striking example 
is the generation of donor-acceptor [2]catenane 1.22 from an equimolar solution of π-
deficient naphthalene diimide 1.20 and π-rich 1,5-dialkoxynaphthalene 1.21 dithiol 
building blocks (Figure 1.10).78  The most thermodynamically stable conformation of 
[2]catenane 1.22 was an unusual donor-acceptor-acceptor-donor stacking arrangement 
that maximised favourable donor-acceptor interactions whilst minimising repulsive 
interactions between the electron-rich naphthyl cores.  The yield of [2]catenane 1.22 was 
 
 
 
1.19  
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further enhanced by either altering initial building block concentration, changing the 
solvent ionic strength, or introducing an aromatic template. 
 
Figure 1.10  Generation of donor-acceptor [2]catenane 1.22 in an aqueous disulfide library.       
Figure was adapted by author from reference 78. 
 
The use of naphthalene diimide motifs in dynamic covalent synthesis of interlocked 
architectures was recently extended by Sanders’ group with the discovery of a 
stereoselective pathway to form a trefoil knot (Figure 1.11).17  The slow oxidation of a 
dithiol building block containing three naphthalene diimide motifs generated a dynamic 
mixture of cyclic and oligomeric disulfides.  The major species in this interconverting 
library were a cyclic monomer, a cyclic dimer, and a trefoil knot.  Whist entropy factors 
initially favoured the formation of the cyclic monomer and dimer, the subsequent assembly 
of the trefoil knot was observed over time. Furthermore, the overall yield of trefoil knot 
was increased by increasing monomer concentration or performing disulfide exchange in 
the presence of a high concentration of sodium nitrate salt. 
 
 
 
 
 
 
 
 
 
 
 
O2, pH 8 
1.22 
1.20 1.21 
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Figure 1.11  Assembly of a disulfide-linked naphthalene diimide trefoil knot. 
Figure was adapted from reference 17. 
 
 
1.4 SOLID-TETHERED INTERLOCKED ARCHITECTURES 
Greater understanding of the dynamic nature of interlocked architectures has led to the 
development of a multitude of molecular devices and machines.89-92  However, in order to 
fully realise the potential that interlocked systems hold in transforming modern 
technologies, they need to be deposited onto surfaces or incorporated into functionalised 
materials.  This objective presents several challenges.  Firstly, the chemistry of surface 
attachment needs to be compatible with the synthetic requirements of the interlocked 
architectures.   Secondly, the characterisation of such surface confined systems is more 
difficult, particularly in the absence of an appropriate redox probe.  Various methods, 
including X-ray photoelectron spectroscopy (XPS), electrochemical techniques, steady 
state fluorescence, surface probe microscopy (STM, AFM), and solid state FT-IR, have all 
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been used to analyse solid-tethered supramolecular systems.93,94  However, many of these 
techniques do not provide direct comparisons with analogous solution-based systems.  
Consequently, and perhaps most importantly, fundamental questions remain as to the full 
effect that surface confinement has upon the dynamic nature of complex molecular 
machines.   
 
Research attempting to answer many of these questions has been ongoing, with notable 
examples by the groups of Stoddart, Leigh, and Sauvage, amongst others demonstrating the 
successful assembly of interlocked architectures on a variety of substrates, including  
Langmuir Blogett (LB) films,95-99 embedded polymer matrixes,97,100,101 sol gel glass 
surfaces,102 and most commonly, self-assembled monolayers (SAMs) on gold or other 
surfaces.94,103-115  Furthermore, for a series of surface bound multi-station rotaxanes, 
Stoddart et al. have demonstrated that while the rate of shuttling is dependent on the 
surface medium, the mechanism for switching between stations is consistent for all 
molecules, regardless of whether they are in solution, tethered to solid surfaces (i.e. gold) 
or embedded in polymer matrixes.97  Conversely, Sauvage et al. showed that while redox 
activated ring circumrotation is observed in solution for a series of Cu(I)/Cu(II) catenanes, 
when these systems are deposited on gold, intramolecular motion is markedly slowed if 
not completely frozen.104,116  These examples highlight the need to be able to accurately 
characterise and understand the dynamic behaviour of interlocked architectures deposited 
on surfaces, as solution behaviour is not always directly comparable.   
  
As the complexity of supramolecular architectures in solution continually increases, 1H 
NMR spectroscopy is vitally important in analysing and understanding the dynamic 
behaviour characteristic of mechanically interlocked architectures.  Attachment of these 
systems to surfaces such as gold and glass prevents investigation of dynamic behaviour by 
1H NMR.  However, when swelling polystyrene resins are used as the solid support, 1H NMR 
spectra can be obtained by using gel-phase HR MAS (High Resolution Magic Angle 
Spinning) NMR techniques, thus providing a direct comparison between solid and solution 
dynamics.   
 
 
The analysis of molecules attached to polystyrene resins by conventional 1H NMR affords 
poor-quality spectra that exhibit significant linewidth broadening due to residual dipolar 
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couplings and magnetic susceptibility mismatches at the solid/solvent interface.117  HR 
MAS techniques dramatically reduce this linewidth broadening by spinning the sample at 
a frequency greater than the anisotropic interactions (1 to 70 kHz) at the magic angle, θm, 
(ca. 54.7°) with respect to the direction of the magnetic field in a high-resolution nano-
probe.117,118  Furthermore, the use of swelling polystyrene resins which consist of 
polyethylene glycol chains tethered to a rigid polystyrene core (e.g. TentaGel or ArgoGel 
beads) in suitable solvents creates a solution-like environment in which tethered 
components have greater molecular mobility, thereby further improving the quality of HR 
MAS NMR spectra.118,119   
 
 
To date, 1H HR MAS NMR has been used to monitor the reversible assembly of catenanes 
and rotaxanes upon the surface of polystyrene resin beads under thermodynamic control 
and to analyse the irreversible attachment of analogous interlocked architectures under 
kinetic control.120-124  Gunter and co-workers used 1H HR MAS NMR to monitor the self-
assembly of a donor-acceptor [2]rotaxane 1.26 tethered to ArgoGel-OH beads and to probe 
the inter-component interactions in this system, which consisted of a bead-bound 
naphthalene diimide thread terminated with a pyridine group 1.23, dinaphtho-38-crown-
10 macrocycle 1.24, and a ruthenium carbonyl porphyrin stopper 1.25 (Figure 1.12).122  
Analysis of this exchanging rotaxane system by 1H HR MAS NMR allowed both solution and 
surface-bound components to be studied concurrently.  Resonances for both bead-bound 
components and those in the surrounding solution were clearly observable within the same 
1H HR MAS NMR spectrum.  Additional peaks corresponding to crown bound around the 
bead’s polyethylene glycol tethers were also evident in the NMR spectrum thereby 
highlighting the power of the HR MAS technique to identify key differences between 
solution and surface based supramolecular chemistry. 
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Figure 1.12  Right:   Thermodynamically controlled assembly of donor–acceptor rotaxane 1.26 
upon the surface of polystyrene resin beads.  Left:  Partial 1H HR MAS NMR spectra of bead-
tethered thread 1.23 (top), and 1.23 + 1.24 (middle), and 1.23 + 1.24 + 1.25 (bottom). 
Figure was adapted from reference 122. 
 
 
In a subsequent study, Gunter’s group reported the kinetically controlled attachment of 
analogous [2]catenanes and [2]rotaxanes to the surface of polystyrene ArgoGel-OH beads 
via an ester condensation reaction (Figure 1.13).124  1H HR MAS NMR analysis of these 
catenane and rotaxane beads clearly showed evidence of both the uninterlocked dumbbell 
or macrocycle and the desired rotaxane or catenane tethered to the bead surface.58   
1.26 
1.23 
1.24 1.25 
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Figure 1.13  Kinetically controlled attachment of a neutral donor-acceptor [2]catenane 1.28 and 
[2]rotaxane 1.30 to polystyrene resin beads. 
Figure was adapted from reference 125. 
 
 
 
 
1.5 RESEARCH INTRODUCTION  
The aim of this research project is two-fold: (i) to investigate the synthesis of novel 
mechanically interlocked molecules in solution and (ii) to incorporate these architectures 
into solid-tethered systems.  Accordingly, the work presented in this thesis is divided into 
two sections.  The first section explores the dynamic assembly of interlocked architectures 
using disulfide exchange.  This project aims to extend previous research by exploiting π-π 
stacking interactions to direct the assembly of catenanes and rotaxanes via disulfide 
exchange from dithiol-functionalised dialkoxynaphthalene 1.31 and 1.32, zinc (II) 
metallated porphyrin 1.33, and naphthalene diimide 1.34 building blocks (Figure 1.14). 
1.27 1.29 
1.30 
1.28 
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Figure 1.14    Dithiol building blocks chosen for investigation. 
 
Initially, the experimental conditions for disulfide exchange will be optimised for each of 
the dithiol building blocks, before investigating more complex dynamic libraries.  
Preformed ring and dumbbell components, namely dinaphtho-38-crown-10 ether 1.35 and 
a naphthalenediimide di-stoppered thread 1.36, will be subsequently incorporated in the 
disulfide libraries to direct the assembly of rotaxanes and catenanes (Figure 1.15).   
 
 
Figure 1.15  Preformed ring 1.35 and dumbbell 1.36 components. 
1.31 1.32 
1.33 1.34 
1.35 
1.36 
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For example, the addition of π-deficient naphthalene diimide di-stoppered thread 1.36 to 
libraries containing π-rich dithiol building blocks is expected to direct the assembly of 
[2]rotaxanes (Scheme 1.3).   
 
 
Scheme 1.3  Schematic representation of dynamic covalent synthesis of a [2]rotaxane 1.37 from 
dithiol building blocks and preformed ring and dumbbell components. 
 
The second section of this thesis will investigate the attachment of interlocked 
architectures to swelling polystyrene resins.  Previous work into the assembly of kinetically 
trapped rotaxanes and catenanes on polymer resins has, to date, been limited to ester 
condensation reactions with limited success.  Initially, the Cu(I) catalysed Huisgen 1,3-
dipolar cycloaddition or “click” reaction will be explored as a means of functionalising 
polysterene resins with novel [2]rotaxanes.  In these studies, electron-deficient threads 
containing either a charged bipyridinium 1.38 or a neutral naphthalene diimide motif 1.39 
and an electron-rich crown ether macrocycle will form the basis of the components for 
surface functionalisation using a “click” methodology (Scheme 1.4).  Analysis of the solid-
tethered [2]rotaxanes by gel-phase 1H HR MAS NMR will enable a direct comparison with 
the synthesis and characterisation of analogous solution-based [2]rotaxanes. 
 
1.36 1.31 
1.37 
Chapter 1:  Introduction 
 
21 
 
Scheme 1.4  Proposed “click” methodology for attaching [2]rotaxanes 1.40 and 1.41 to azide-
functionalised polystyrene resin beads. 
 
Finally, the dynamic covalent assembly of a [2]rotaxane 1.43 will be undertaken upon the 
surface of polystyrene resin beads, in the hope that this thermodynamically driven 
approach will lead to a high loading of stable interlocked architectures upon the bead 
surface (Scheme 1.5). 
 
1.38 
1.39 
1.40 1.41 
1.35 
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Scheme 1.5  Schematic illustrating the thermodynamically controlled assembly of a bead-tethered 
[2]rotaxane 1.43 via disulfide exchange. 
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CHAPTER 2 
 
DYNAMIC COVALENT SYNTHESIS OF DONOR-ACCEPTOR 
CATENANES AND ROTAXANES USING DISULFIDE EXCHANGE 
 
2.1 INTRODUCTION AND AIMS 
Despite advances in the range of mechanically interlocked architectures that can be 
synthesised in solution, in many cases this synthesis involves long multi-step pathways 
with extensive purification at each stage.  Traditional kinetically controlled synthetic 
routes often result in low yields of interlocked architectures due to the irreversible 
formation of non-interlocked by-products.4 As discussed in Chapter 1, dynamic covalent 
chemistry presents an alternative approach to assembling mechanically interlocked 
architectures under thermodynamic control.1-4  The reversibility of dynamic covalent 
chemistry facilitates recycling of non-interlocked by-products thereby increasing the 
overall yield of interlocked architectures, which are typically the most thermodynamically 
favoured species.4-18  Research undertaken by Sanders et al. has demonstrated the success 
of such an approach with the synthesis of a range of catenanes5-10 and even a trefoil knot11 
via disulfide exchange from simple electron-rich 1,5-dialkoxynaphthalene and electron-
deficient 1,4,5,8-naphthalene tetracarboxylic diimide building blocks.26 
 
 
This work aims to extend previous research by investigating the use of disulfide exchange 
as a means of synthesizing not only donor-acceptor catenanes but also rotaxanes, with the 
ultimate view of implementing this approach at the solution-surface interface.  The dithiol 
building blocks chosen for investigation in this work are the π-electron-rich 1,5-
dialkoxynaphthalene 2.1, the zinc metallated porphyrin 2.2, and the π-electron-deficient 
naphthalene diimide 2.3 (Figure 2.1).   
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Figure 2.1  Dithiol building blocks to be investigated in dynamic combinatorial libraries. 
 
Preliminary disulfide libraries involving only one or two dithiol building blocks will be 
initially investigated in order to optimise the conditions for disulfide exchange.  
Subsequent studies will investigate more complex libraries involving the addition of 
preformed π-donor dinaphtho-38-crown-10 ether macrocycle 2.4 and the π-acceptor 
naphthalene diimide dumbbell 2.5, which have the potential to direct the dynamic 
combinatorial assembly of interlocked architectures (Scheme 2.1). 
 
 
 
 
Scheme 2.1  Example donor-acceptor [2]catenane and [2]rotaxane possible from the assembly of 
dithiol building blocks around preformed macrocycle and dumbbell components. 
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In addition, the assembly of porphyrin containing macrocycles around naphthalene 
dumbbell 2.5 will be investigated with the view to producing [2]rotaxanes  (Scheme 2.2). 
 
 
 
Scheme 2.2  Example [2]rotaxane possible from the assembly of 1,5-dialkoxynaphthalene 2.1 and 
porphyrin 2.2 dithiols around naphthalene diimide dumbbell 2.5. 
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2.2 RESULTS AND DISCUSSION 
2.2.1 Synthesis of Dithiol Building Blocks 
Research into the assembly of donor-acceptor catenanes and rotaxanes under 
thermodynamic control began with the preparation of dithiol building blocks 2.1-2.3.  
This entailed synthesising the bis-thioacetate precursors to each building block followed 
by base-catalysed deprotection to generate the corresponding dithiols.  The bis-
thioacetate protected 1,5-dialkoxynaphthalene 2.8 was prepared from 1,5-
naphthalenediol via a published literature procedure  (Scheme 2.3).12  A solution of 2-(2’-
chloroethoxy)ethanol in acetonitrile was refluxed for 48 hours to afford the bis-alcohol 
2.6.  Subsequent reaction with tosyl chloride produced the tosylate derivative 2.7, which 
was then reacted with potassium thioacetate to afford the desired bis-thioacetate diimide 
2.8 in 77% yield. 
 
 
Scheme 2.3  Synthesis of bis-thioacetate 1,5-dialkoxynaphthalene 2.8.                                              
Reagents and conditions:  (i)  2-(2’-chloroethoxy)ethanol, K2CO3, MeCN, 82 °C, 48 h, 52%;                
(ii) TsCl, TEA, DMAP, DCM, RT, 3 days, 92%; (iii) KSAc, MeCN, 82 °C, 5 days, 77%. 
 
The synthesis of the bis-benzylthioacetate protected zinc porphyrin 2.16 can be seen in 
Scheme 2.4.13  Treatment of a mixture of 1-iodohexane and 2,4-pentanedione with 
potassium carbonate produced 3-hexyl-pentan-2,4-dione 2.9, which after distillation, was 
isolated as a pure yellow oil.  This was reacted with oxime 2.10 under reducing conditions 
to afford the hexyl-substituted pyrrole 2.11.  Treatment of 2.11 with lead tetraacetate in 
acetic acid afforded the acetylated pyrrole 2.12 in 50% yield.   Refluxing 2.12 in acidic 
conditions then produced the dipyrromethane 2.13 in 37% yield.  Subsequent cleavage of 
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the benzyl groups from dipyrromethane 2.13 via hydrogenolysis afforded the α-free 
dipyrrole 2.14 in a quantitative yield, which was used immediately in the next step. 
Decarboxylation followed by acid-catalysed condensation with 3-(S-acetylthiomethyl) 
benzaldehyde and oxidation afforded the free base porphyrin 2.15 in 43% yield, 
following column chromatography.  Metallation with zinc (II) acetate followed by 
recrystallisation yielded the pure bis-benzylthioacetate zinc porphyrin 2.16 in 95% yield.   
 
 
Scheme 2.4  Synthesis of bis-benzylthioacetate zinc porphyrin 2.16.                                                  
Reagents and conditions:  (i) K2CO3, acetone, argon, 60 °C, 24 h, 76%; (ii) AcOH, NaNO2, <14 °C, 4 h; 
(iii) RT, 12 h; (iv) AcOH, zinc dust, 100 °C, 45 min, 30%; (v) Lead (IV) acetate, AcOH, RT, 3.5 h, 50%; 
(vi) Conc. HCl, MeOH, 76 °C, 3 h, 37%; (vii) TEA, Pd/C, THF, H2, RT, 2 h;  (viii) TFA, argon, 0 °C to 
RT, 45 min; (ix) 3-(S-acetylthiomethyl)benzaldehyde, MeOH, argon, -25 °C to RT, 5 h; (x) DDQ, RT, 
12 h, 43%; (xi) Zinc (II) acetate, CHCl3, RT, 2 h, 95%. 
 
Thioacetate protected naphthalene diimide 2.19 was synthesised according to Scheme 
2.5.  A solution of 2-(2-aminoethoxy)ethanol and 1,4,5,8-napthalenetetracarboxylic 
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dianhydride in DMF was refluxed overnight to afford the pure bis-alcohol 2.17. This was  
subsequently reacted with tosyl chloride to afford the tosylate derivative 2.18 which was 
then reacted with potassium thioacetate to give the desired bis-thioacetate diimide 2.19 
in 95% yield. 
 
 
Scheme 2.5  Synthesis of bis-thioacetate naphthalene diimide 2.19.                                                 
Reagents and conditions: (i) DMF, 90 °C, argon, 18 h, 84%; (ii)  TsCl, TEA, DMAP, DCM, RT, 3 days, 
88%; (iii) KSAc, DMF, RT, 62 h, 95%. 
 
Having synthesised the bis-thioacetate precursors 2.8, 2.16 and 2.19, attention turned to 
the deprotection of the thioacetates to the desired dithiol building blocks 2.1-2.3.  Initial 
attempts that followed literature reports12,14,15 by using hydrazine monohydrate were 
unsuccessful, with incomplete deprotection of the thioacetate being observed.12,14,15  As 
can be seen in the 1H NMR spectrum of the crude material obtained from the reaction of 
2.8 with 10 equivalents of hydrazine monohydrate, the presence of both a singlet at δ 
2.35 ppm corresponding to methyl protons of the thioacetate and a triplet at δ 1.66 ppm 
due to thiol protons indicates incomplete deprotection (Scheme 2.6, Figure 2.2).  
Integration of this 1H NMR spectrum revealed that only 80% of bis-thioacetate 2.8 had 
been converted to the target dithiol 2.1 after 5 days.  Similar problems were encountered 
in the deprotection of bis-benzylthioacetate porphyrin 2.16 using hydrazine 
monohydrate with only 50% deprotection being observed after 5 days. 
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Scheme 2.6  Deprotection of 1,5-dialkoxynaphthalene bis-thioacetate 2.8 with hydrazine 
monohydrate.  Reagents and conditions: (i) Hydrazine monohydrate, DCM, RT, 5 days. 
 
Figure 2.2  1H NMR spectrum of hydrazine-mediated deprotection of 1,5-dialkoxynaphthalene bis-
thioacetate 2.8.   
 
Given the inefficiency encountered with hydrazine-mediated deprotection, an alternative 
strategy using sodium methoxide and Zemplén deacetylation conditions was adopted.16,17  
Specifically, a solution of sodium methoxide in dry, degassed methanol was added to the 
bis-thioacetate dissolved in dry, degassed DCM, and the reaction was stirred at room 
temperature (Scheme 2.7).  Whilst this approach proved to be far more efficient, with 
complete deprotection occurring within 5-15 minutes for each building block, the yields 
were compromised by concomitant decomposition.  Figure 2.3 shows the 1H NMR spectra 
obtained periodically when maintaining the reaction of bis-thioacetate 2.8 with 8 molar 
equivalents of sodium methoxide.  As can be seen after 5 minutes, deprotection was 
evident from the disappearance of the thioacetate singlet at 2.35 ppm and the appearance 
of the thiol triplet at 1.66 ppm.  However, as the reaction time increases, so does the 
extent of decomposition.  Consequently, the reaction conditions had to be optimised for 
each building block to ensure complete deprotection whilst minimising monomer 
decomposition.  A summary of the optimal reaction conditions determined for each 
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building block by monitoring the deprotection reactions with 1H NMR is outlined in Table 
2.1.   
 
 
 
Scheme 2.7  Deprotection of 1,5-dialkoxynaphthalene bis-thioacetate 2.8 with sodium methoxide.                                    
Reagents and conditions: (i) NaOMe, DCM: MeOH (50: 50), argon, RT. 
 
 
 
Figure 2.3   1H NMR spectra of deprotection of 1,5-dialkoxynaphthalene bis-thioacetate 2.8 using 
sodium methoxide.  
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Table 2.1  Optimised conditions for deprotection of thioacetate precursors to dithiols 2.1-2.3. 
 
Dithiol          
Building Block 
 
Optimal Reaction Conditions  
 
NaOMe (molar 
equiv.) 
 
Solvent  
 
Reaction Time  
 
Yield 
 
2.1 
 
8.0 
 
DCM: MeOH (50: 50) 
 
5 minutes 
 
89% 
 
2.2 
 
6.0 
 
DCM: MeOH (50: 50) 
 
10 minutes 
 
88% 
 
2.3 
 
8.0 
 
DCM: MeOH (50: 50) 
 
10 minutes 
 
57% 
 
2.2.2 Preliminary Libraries Involving One Building Block 
Having synthesised the dithiol building blocks 2.1-2.3, attention turned to optimisation of 
disulfide exchange in organic solvents.  Initially, libraries comprised of a single dithiol 
building block were investigated as control studies.  As an ideal starting point, disulfide 
exchange of the porphyrin thiol 2.2 was attempted because this building block had been 
previously studied by Sanders et al.12,15  and thus, repetition of these results would 
provide confidence in the conditions of exchange and HPLC characterisation of the library 
(Scheme 2.8).   
 
Scheme 2.8  Assembly of disulfide-linked porphyrin macrocycles and oligomers as reported by 
Sanders and co-workers.12, 15                                                                                                                                            
Reagents and conditions: (i) 0.2 equiv. DBU, CHCl3, air, RT, 3-4 days. 
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Thus, 1,8-diazabicyclo[5.4.0]undec-7-ene (0.2 equiv) was added to a 5 mM CHCl3 solution 
of porphyrin 2.2, and the resultant red solution was stirred under air at room 
temperature.  The library was monitored by reverse-phase HPLC using a gradient mobile 
phase (refer to Table 5.1, Chapter 5) over a period of 7 days.  Although Sanders et al.15 
reported that thermodynamic equilibrium was reached after 3-4 days with the cyclic 
dimer 2.20 (87%) predominating, HPLC analysis of our library after the same period of 
time revealed a very different distribution of products.  The cyclic trimer was only found 
to be present in 2% yield with the major species being unoxidised dithiol 2.2 (47%) and 
cyclic dimer 2.20 (20%) (Figure 2.4).  The identity of cyclic dimer 2.20 was confirmed by 
reverse-phase LC-MS, with the molecular ion observed at m/z = 2017.0027 [M+H]+.  
Repetition of this study afforded a similar distribution of library members (with only 2-
3% variation) thereby suggesting incomplete oxidation of porphyrin dithiol 2.2 under 
these reported experimental conditions for disulfide exchange. 
 
Figure 2.4  Reverse-phase HPLC traces of porphyrin disulfide library:  (a) prior to addition of 0.2 
equiv. DBU and (b) after 4 days of disulfide exchange. Absorbance was monitored at 415 nm. 
 
In order to better understand the conditions required to promote disulfide exchange, and 
thus replicate literature reports, the effect of concentration of building blocks and the 
concentration of base were investigated in a series of libraries.  Firstly, the effect of base 
was examined by increasing the amount of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) 
from 1 equivalent to 5 and 10 equivalents, whilst keeping the concentration of porphyrin 
building block 2.2 constant at 5mM.  Reverse-phase HPLC was used daily to monitor the 
appearance of any new peaks in these libraries.  With the increased concentrations of 
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DBU, the time to reach thermodynamic equilibrium decreased to 2-3 days.  Furthermore, 
a substantial increase in trimer (25-28%) and tetramer (19-20%) as well as a 
concomitant decrease in dimer 2.20 (36-37%) was observed in these libraries.  However, 
using higher concentrations of DBU (Figure 2.5) also resulted in the formation of other 
unidentified oligomers thereby reducing the yield of macrocycle species by approximately 
20%.  This formation of oligomers could significantly inhibit assembly of interlocked 
architectures in subsequent libraries.   Consequently, a balance had to be found between 
building block concentration and the amount of DBU which facilitated efficient disulfide 
exchange and library equilibration whilst minimising monomer decomposition and 
oligomer formation.   
 
Figure 2.5  Reverse-phase HPLC traces of  porphyrin disulfide libraries examining the effect of 
base upon disulfide exchange: (a) 5 mM with 1 equiv. DBU, (b)  5 mM with 5 equiv. DBU, and          
(c) 5 mM with 10 equiv. DBU.  Absorbance was monitored at 415nm. 
 
Subsequently, the effect of concentration on library composition was examined.  Lower 
building block concentrations of 0.1 mM, 0.5 mM and 1 mM were chosen to favour the 
formation of small macrocycles, 18-21   and the concentration of base was simultaneously 
increased to 10 equivalents, relative to the number of moles of porphyrin 2.2, in order to 
circumvent any expected rate reduction.  However, the addition of 10 equivalents of DBU 
to 0.1 mM, 0.5 mM, and 1 mM solutions of porphyrin 2.2 unexpectedly resulted in the 
decomposition of the porphyrin 2.2, which was evidenced by a colour change in the 
library solutions from red to brown as well as the appearance of unidentifiable peaks in 
the HPLC chromatograms.  Evidently, the concentration of 2.2 is a significant parameter 
in controlling library equilibration. 
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Ultimately, the balance between building block concentration and amount of base that 
afforded efficient equilibration whilst minimising formation of large oligomers and 
avoiding porphyrin decomposition was found to be the addition of 0.6 equivalents of 1,8-
diazabicyclo[5.4.0]undec-7-ene to a 1 mM solution of porphyrin 2.2.  Equilibrium was 
reached within 3-4 days with minimal porphyrin decomposition, and pleasingly the 
distribution of library members was very similar to that originally reported under 
Sanders’ conditions with 86% of cyclic homodimer 2.20 and 12% of cyclic trimer 
observed.  These findings highlight how important the subtle manipulation of library 
parameters, such as concentration of building blocks and concentration of base, is 
required to maximise the formation of desired products.   
 
Having established the conditions required to reproduce the dynamic synthesis of 
disulfide-linked zinc porphyrin macrocycles from dithiol 2.2, control libraries were set up 
using 1,5-dialkoxynaphthalene and naphthalene diimide building blocks 2.1 and 2.3.  The 
effect of building block concentration and the amount of base was also investigated in 
these one-component libraries, and the optimal balance was achieved by air oxidation of a 
5 mM solution of either 2.1 or 2.3 in the presence of 1 equivalent of DBU (Scheme 2.9).   
 
Scheme 2.9  Control disulfide libraries generated from either dithiol 2.1 or 2.3.                       
Reagents and conditions:  (i) 1 equiv. DBU, CHCl3, air, RT, 5-7 days. 
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Daily analysis by reverse-phase HPLC using an isocratic mobile phase of 100% MeOH 
revealed that both of these libraries reached equilibrium within 5-7 days.  LC-MS analysis 
indicated that the equilibrium composition of the naphthalene library contained linear 
dimer 2.21 (m/z = 757.1924 [M+Na]+), cyclic dimer 2.22 (m/z = 755.1797 [M+Na]+), and 
cyclic trimer 2.23 (m/z = 1121.2745 [M+Na]+) in a distribution of 5%, 67% and 11% of 
library material, respectively.  In contrast, the naphthalene diimide library contained 
cyclic dimer 2.24 (70%; m/z = 967.1417 [M+Na]+) without any traces of linear dimer or 
trimer species.   
 
2.2.3 Mixed Libraries Incorporating Two Building Blocks 
After examining the oxidation of dithiols 2.1-2.3 and ensuing disulfide exchange in 
chloroform in control studies, attention turned to more complex libraries by combining 
two building blocks.  The aim was to use π-π stacking and π-donor/acceptor interactions 
to direct the assembly of mixed macrocycles and possibly [2]catenanes, as has been seen 
in aqueous disulfide libraries.5-10,22-25  Sanders and co-workers previously reported the 
dynamic synthesis of heterodimer 2.25 from building blocks 2.1 and 2.2,12 and this 
experiment was repeated as the first two-component library (Scheme 2.10). 
 
 
 
Scheme 2.10  Generation of disulfide library by mixing 2.1 and 2.2.                                                   
Reagents and conditions:  (i) 0.2 equiv. DBU, CHCl3, air, RT, 5-7 days. 
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Attempts using the originally reported conditions13 did not result in thermodynamic 
equilibrium being reached within 5 days.  However, when using the new optimised 
disulfide exchange conditions with an equimolar 1 mM solution of 2.1 and 2.2 in the 
presence of 0.6 equiv DBU, complete thiol oxidation occurred and thermodynamic 
equilibrium was achieved within 3-4 days.  As shown in Figure 2.6, reverse-phase HPLC 
analysis showed the major constituent of the library to be heterodimer 2.25 (74%) whilst 
homodimer 2.20 (16%) and higher oligomers (10%) were present in smaller ratios, 
similar to literature reports.12  Analysis by reverse-phase LC-MS confirmed the identity of 
heterodimer 2.25 with a molecular ion observed at m/z = 1373.5897 [M+H]+.   
 
Figure 2.6  Reverse-phase HPLC traces of two-component library generated from 2.1 and 2.2 
under different conditions: (a) 5 mM with 0.2 equiv. DBU and (b) 1 mM with 0.6 equiv. DBU.  
Absorbance was monitored at 415 nm. 
 
Having successfully replicated the mixed library that was reported by Sanders and co-
workers, attention turned to the mixed donor-acceptor library by using the electron-rich 
1,5-dialkoxynaphthalene (DN) 2.1 and electron-deficient naphthalene diimide (NDI) 2.3 
building blocks.  It was envisioned that π-donor/acceptor interactions between these 
motifs would direct the assembly of donor-acceptor macrocycles and potentially 
catenanes, such as     [2]catenane 2.27, as has been reported in aqueous studies (Scheme 
2.11).5-10,25,26  Libraries were set up using the optimised conditions of equimolar solutions 
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of 2.1 and 2.3 (5 mM) in CHCl3 in the presence of 1 equivalent of DBU.  When the 
equilibration was monitored by reverse-phase HPLC, the cyclic heterodimer 2.26 co-
eluted with naphthalene diimide dimer 2.24, but peak separation was achieved by 
normal-phase HPLC (Figure 2.7). 
 
Scheme 2.11  Generation of disulfide library by mixing 2.1 and 2.3.                                                   
Reagents and conditions:  (i) 1 equiv. DBU, CHCl3, air, RT, 21 days. 
 
A gradual colour change from pale yellow to pink was observed in this library, indicative 
of donor-acceptor intermolecular interactions between the diimide and naphthyl motifs.  
Thermodynamic equilibrium was achieved after 21 days, and the HPLC analysis indicated 
that the major product of the library was the cyclic heterodimer 2.26 (90%) with 
proportions of the cyclic naphthyl trimer 2.23 (7%) also being observed (Figure 2.7).  The 
presence of the molecular ion adduct at m/z = 861.1601 [M+Na]+ in the LC-MS confirmed 
the identity of heterodimer 2.26.  Disappointingly, no traces of donor-acceptor catenane 
2.27 or analogous interlocked species were detected in this library.   
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Figure 2.7  Comparison of HPLC traces of one-component libraries with the two component 
donor-acceptor library:  (a)  RP-HPLC trace of 5 mM 2.1 with 1 equiv. DBU, (b) RP-HPLC trace of    
5 mM 2.3 with 1 equiv. DBU, (c) RP-HPLC trace of 5 mM 2.1 and 2.3 with 1 equiv. DBU, and (d) NP-
HPLC trace of 5 mM of 2.1 + 2.3 with 1 equiv. DBU.  Absorbance was recorded at 383 nm for (b) 
and at 292 nm for (a), (c) and (d). 
 
2.2.4 Dynamic Assembly of Interlocked Architectures from Naphthalene 
Diimide, Zinc Porphyrin, and 1,5-Dialkoxynaphthalene Dithiols  
Having investigated the assembly of simple donor-acceptor macrocycles via disulfide 
exchange, attention turned to incorporating either π-rich crown ether macrocycle 2.4 or 
π-deficient naphthalene diimide dumbbell 2.5 in disulfide libraries in an effort to 
synthesise donor-acceptor interlocked architectures.  Firstly, libraries containing the π-
rich aromatic crown ether 2.4 with naphthalene diimide 2.3 were examined as it was 
envisaged that π-donor/acceptor interactions between diimide 2.3 and crown 2.4 could 
direct the assembly of the [2]catenane 2.28 (Scheme 2.12).   
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Scheme 2.12  Dynamic combinatorial synthesis of [2]catenane 2.28.                                                 
Reagents and conditions:  (i) 1 equiv. DBU, CHCl3, air, RT, 14 days. 
 
In these studies, 1 equivalent of DBU was added to a 2:1 mixture of diimide 2.3 and crown 
2.4 (5 mM total concentration), and the library was then monitored daily by reverse-
phase HPLC using 100% MeOH isocratic mobile phase.  During its equilibration, this 
library turned an intense red colour indicative of strong complexation between the 
electron-deficient diimide and electron-rich naphthalene motifs in mechanically 
interlocked assemblies. HPLC analysis indicated that while the [2]pseudorotaxane 
complex dominated the library, the [2]catenane 2.28 was produced in a 20% yield 
(Figure 2.8).  Furthermore, the identity of [2]catenane 2.28 was confirmed by LC-MS 
analysis with peaks observed at m/z = 1603.4288 [M+Na]+ and 1619.4034 [M+K]+.   
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Figure 2.8  Reverse-phase HPLC trace of 5mM library generated from 2.3 and 2.4.  Absorbance 
was monitored at 292 nm. 
 
Subsequently, a second directed library incorporating the electron-deficient diimide 
dumbbell 2.5 and the electron-rich 1,5-dialkoxynaphthalene 2.1 was investigated.  It was 
anticipated that π-donor-accceptor interactions would direct the cyclisation of napthyl 
dimer 2.22 around dumbbell 2.5 to afford [2]rotaxane 2.29 (Scheme 2.13).  Identical 
conditions to those described in the [2]catenane synthesis mentioned above were utilised. 
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Scheme 2.13  Dynamic combinatorial synthesis of [2]rotaxane 2.29.                                                      
Reagents and conditions:  (i) 1 equiv. DBU, CHCl3, air, RT, 14 days. 
 
Pleasingly, over time a colour change from pale yellow to dark pink was observed in this 
library, suggesting donor-acceptor interaction between the diimide and naphthyl motifs.  
HPLC analysis revealed the gradual formation of [2]rotaxane 2.29, which was confirmed 
by LC-MS analysis with a mass peak observed at m/z = 2332.0458 [M+Na]+.  
Unfortunately, [2]rotaxane 2.29 co-eluted with dumbbell 2.5, and attempts to separate 
these compounds using reverse-phase HPLC were unsuccessful.  However, concurrent 1H 
NMR analysis of this library confirmed that equilibrium was reached after 14 days.  
Proton integration of the 1H NMR spectrum indicated that the equilibrium composition 
consisted of [2]rotaxane 2.29 (22%) as well as non-interlocked compounds, namely 
linear dimer 2.21 (5%), cyclic dimer 2.22 (34%), cyclic trimer 2.23 (4%), and diimide 
dumbbell 2.5 (27%), in smaller proportions (Figure 2.9). 
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Figure 2.9  Reverse-phase HPLC trace of library produced by mixing 2.1 and 2.5.  Absorbance was 
monitored at 292 nm. 
 
Following the successful dynamic covalent synthesis of [2]catenane 2.28 and [2]rotaxane 
2.29, the assembly of porphyrin-containing [2]rotaxanes via disulfide exchange from 
dithiol building blocks 2.1 and 2.2 was attempted.  As discussed in Chapter 1, the 
template effect of π-π stacking interactions between naphthalene diimide motifs and 
porphyrins has been used extensively to direct the assembly of pseudorotaxanes, 
rotaxanes and catenanes.27-31  It was anticipated that these π-π as well as π-
donor/acceptor recognition between the naphthalene diimide and porphyrin motifs could 
be simultaneously exploited to direct the assembly of heterodimer 2.25 around diimide 
dumbbell 2.5 to afford [2]rotaxane 2.30 (Scheme 2.14).   
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Scheme 2.14  Attempted synthesis of [2]rotaxane 2.30 from 2.1, 2.3 and 2.5.                          
Reagents and conditions:  (i) 1 equiv. DBU, CHCl3, air, RT, 3 days. 
 
Specifically, a disulfide library was generated by air oxidation of a 1 mM equimolar 
solution of dithiols 2.1, 2.3 and 2.5 in the presence of 0.6 equivalents of DBU.  
Thermodynamic equilibrium was reached after 3 days, and the major constituent was 
heterodimer 2.25 (84%) with smaller amounts of porphyrin homodimer 2.20 (9%) and 
naphthalene homodimer 2.22 (6%) also present.  Disappointingly, no trace of the desired 
[2]rotaxane 2.30 was detected in this library.  Given that it was possible that heterodimer 
2.25 was a kinetic bottleneck, 0.2 equivalents of dithiothreitol were added to reinitiate 
the disulfide exchange.  However, a further 3 days of disulfide exchange produced the 
same product distribution thereby indicating that heterodimer 2.25 was indeed the most 
thermodynamically favoured product. 
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2.2.5 Large Scale Preparation and Characterisation of Disulfide-Linked 
Interlocked Architectures 
Having identified both [2]catenane 2.28 and [2]rotaxane 2.29 in analytical scale disulfide 
libraries, attempts to isolate and characterise these interlocked architectures from 
preparative scale disulfide libraries were carried out.  For the preparative scale synthesis 
of [2]catenane 2.28, the same ratios of base and concentration of building blocks were 
used, but the scale was increased from 0.5 mL to 20 mL.  The resultant red solution was 
stirred under air at room temperature for 14 days, after which time purification by 
column chromatography using 30% EtOAc: 70% DCM as the eluent afforded the desired 
[2]catenane 2.28 as a red solid in 21% yield.   
 
The partial 1H NMR spectra of [2]catenane 2.28, naphthalene diimide 2.3, and crown 
ether 2.4 in CDCl3 are displayed in Figure 2.10.  In the 1H NMR spectrum of the 
[2]catenane 2.28 the aromatic naphthalene diimide proton a appears shifted upfield as a 
broad singlet at δ 8.63 ppm in comparison to the sharp singlet at δ 8.78 ppm in the 
uncomplexed dimmide 2.3.  Likewise, the aromatic protons α, β, and γ of crown 2.4 are 
also shifted upfield.  Moreover, the doublet-triplet-doublet pattern that arises from 
coupling of aromatic protons in the 1,5-substituted naphthalene system is noticeably 
doubled in each case thereby demonstrating that the symmetry of the crown ether ring is 
broken by catenation with the diimide ring, as has been previously reported in related 
systems.22-24 
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Figure 2.10  Aromatic region of the 1H NMR spectra of naphthalene diimide 2.3 (top),                  
[2]catenane 2.28 (middle), and dinaphth-38-crown-10 2.4 (bottom) in CDCl3 at 303 K.                    
 
The [2]rotaxane 2.29 was prepared by adding 1 equivalent of DBU to a 5 mM solution of 
1,5-dialkoxynaphthalene 2.1 (50.0 mg, 0.136 mmol) and dumbbell 2.5 (107 mg, 0.0678 
mmol) dissolved in CHCl3 (41 mL).  This dark pink solution was then stirred under air at 
room temperature for 14 days.  The [2]rotaxane 2.29 was isolated as a red solid (32.8 mg, 
21%) from the crude mixture of disulfides via column chromatography. 
 
In the 1H NMR spectrum of the naphthalene diimide [2]rotaxane 2.29, the diimide proton 
a is shifted upfield from δ 8.74 ppm to δ 8.54 ppm as a result of the shielding effect from 
the aromatic naphthalene protons (Figure 2.11).  Upfield shifts of 0.15 ppm, 0.14 ppm, 
and 0.29 ppm are also observed for the naphthalene aromatic protons α, β, γ, respectively, 
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in comparison to the spectrum of 1,5-dialkoxynaphthalene  2.1.  These substantial 
changes in chemical shifts are characteristic of the interlocked nature of this architecture, 
and correlate with analogous [2]rotaxanes reported in the literature.28,32 
 
 
Figure 2.11  Aromatic region of the 1H NMR spectra of naphthalene diimide dumbbell 2.5 (top), 
[2]rotaxane 2.29 (middle), and 1,5-dialkoxynaphthalene 2.1 (bottom) in CDCl3 at 303 K.               
 
In contrast to their non-interlocked counterparts, namely naphthyl dimer 2.22, 
naphthalenediimide dimer 2.24, crown 2.4, and dumbbell 2.5, all of which are either pale 
yellow or cream in colour, both [2]catenane 2.28 and [2]rotaxane 2.29 possess a vibrant 
red colour.   This intense colouration is evidenced by broad absorption bands in UV-Vis 
spectra at 506 nm (ε = 1100 M-1cm-1) for 2.28 and at 525 nm for 2.29 (ε = 1030 M-1cm-1) 
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reflecting strong complexation in the interlocked architectures (Figure 2.12).  Similar 
charge transfer bands have been observed in related crown-diimide catenane and 
rotaxane systems.28, 43, 45  
 
 
Figure 2.12  UV-Vis absorption spectra of the [2]catenane 2.28 (orange) and the [2]rotaxane 2.29 
(pink) in CHCl3 (Concentration = 0.10 mM-1). 
 
 
2.3 SUMMARY AND CONCLUSIONS 
The dynamic covalent synthesis of mechanically interlocked architectures from dithiol 
functionalised building blocks via disulfide exchange in a non-polar, organic solvent has 
been demonstrated in this study.  The preliminary synthesis of bis-thioacetate precursors 
proceeded smoothly, but deprotection to the corresponding dithiol building blocks was 
problematic.  Nonetheless, a base-catalysed strategy using sodium methoxide under 
Zemplén deacetylation conditions was ultimately implemented to afford the target dithiol 
building blocks 2.1-2.3 in high yields.  Subsequently, the experimental conditions for 
disulfide exchange were screened in libraries generated from only one dithiol building 
block.  In these control studies, the equilibrium product distribution was found to be 
extremely responsive to subtle manipulation of library parameters.  A balance had to be 
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found between building block concentration and the amount of base which facilitated 
efficient disulfide exchange and library equilibration whilst minimising monomer 
decomposition and oligomer formation. 
 
The ability of π-π stacking and π-donor/acceptor interactions to direct the dynamic 
assembly of donor-acceptor macrocycles and catenanes in chloroform was initially 
investigated in disulfide libraries generated from two dithiol building blocks.  In these 
libraries, the cyclic heterodimers dominated, but no traces of donor-acceptor catenane 
species were detected.  The preferential formation of mixed heterodimers demonstrates 
the importance of π-π stacking and π-donor/acceptor interactions in these systems.  The 
absence of catenane formation, which has been reported in analagous aqueous libraries, 
can be attributed to the absence of a solvophobic effect in a non-polar, organic medium 
such as chloroform, but which acts a driving factor in the assembly of interlocked 
architectures in very polar, aqueous environments.  
 
Nonetheless, the combination of preformed ring and dumbbell components together with 
our dithiol building blocks resulted in the dynamic assembly of donor-acceptor 
interlocked architectures in comparable yields to kinetic strategies.6,8,9,25  Both 
[2]catenane 2.28 and [2]rotaxane 2.29 were initially identified on analytical scale by LC-
MS, and subsequently isolated from preparative scale libraries.  The 1H NMR spectra of 
both [2]catenane 2.28 and [2]rotaxane 2.29 contained upfield shifts in the naphthalene 
diimide and crown aromatic protons thereby indicating strong complexation.  This 
mechanical interlocking was further confirmed by charge transfer interactions in the UV-
Vis spectra.  The success of preparing these interlocked architectures in solution indicates 
that disulfide exchange could be an effective strategy for attaching thermodynamically 
stable interlocked architectures to surfaces such as polymer resins (refer to Section 3.2.7, 
Chapter 3). 
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CHAPTER 3 
 
SYNTHESIS OF SURFACE ATTACHED BIPYRIDINIUM AND 
NAPHTHALENE DIIMIDE [2]ROTAXANES USING AZIDE 
FUNCTIONALISED POLYMER RESINS† 
 
3.1 INTRODUCTION AND AIMS 
To date, the attachment of interlocked architectures has focused upon substrates of gold,1-
10 glass,11 and inorganic nanoparticles12-15 due to the ease by which these surfaces can be 
analysed by a variety of electrochemical and photochemical techniques.  In spite of this, 
there is a scarcity of analytical techniques which facilitate direct comparisons between 
solid-tethered interlocked architectures and their solution-based analogues.  In particular, 
attachment of these systems to surfaces such as gold prevents analysis by NMR 
spectroscopy techniques, which provide so much insight into the structure and dynamic 
behaviour of mechanically interlocked molecules in solution. As discussed in Chapter 1, this 
challenge can be overcome by tethering interlocked architectures to swelling polystyrene 
resins and analysing these systems with high resolution magic angle spinning (HR MAS) 
NMR spectroscopy.16-22  
 
 
In previous work, 1H HR MAS NMR spectroscopy has been used to monitor the reversible 
assembly of a range of pseudorotaxanes incorporating neutral naphthalene diimide 
threads, crown ether macrocycles, and ruthenium stoppered porphyrins on polystyrene 
resins (i.e. ArgoGel or TentaGel resin beads).18-20,23,24  In some of these studies it was found 
that although pseudorotaxane assembly is fast relative to the chemical shift timescale in 
solution, the binding process was in slow exchange on the polymer surface.23  Additional 
binding interactions between the macrocycle and the polymer tethers were also observed 
highlighting the importance of HR MAS NMR in identifying key differences between 
solution and surface-based supramolecular chemistry.  Preliminary investigations into the 
assembly of kinetically trapped rotaxanes on polymer resins have been undertaken; 
however, to date surface functionalisation has been limited to EDC catalysed ester 
condensation reactions, with modest success.19   
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This work aims to extend the chemistry for attaching mechanically interlocked molecules 
to swelling polystyrene resins from ester condensation to “click” chemistry.  Given its mild 
reaction conditions and typically high yields, the Cu(I)-catalysed Huisgen 1,3-dipolar 
cycloaddition or “click” reaction has recently gained favour in the synthesis of 
supramolecular systems such as catenane and rotaxanes in solution.25-28  It was hoped that 
these high reaction yields would translate to a high loading of interlocked architectures on 
the bead surface. 
 
 
In this study, two electron-deficient motifs, namely the charged 4,4’-bipyridinium and the 
neutral naphthalene diimide, will be investigated as suitable thread components for the 
assembly of bead-tethered [2]rotaxanes via the “click” reaction (refer to Figure 3.1).  
Subsequently, 1H HR MAS NMR spectroscopy will be used to characterise the bead-tethered 
interlocked architectures.  
 
 
Figure 3.1  Target surface bound bipyridinium and naphthalene diimide [2]rotaxanes 3.1 and 3.2. 
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3.2 RESULTS AND DISCUSSION 
3.2.1 Synthesis of Alkyne Mono-Stoppered Threads  
The synthesis of the alkyne functionalised mono-stoppered bipyridinium thread 3.6 
necessary for surface functionalisation using a click methodology is outlined in Scheme 3.1. 
Bipyridinium 3.6 was synthesised according to a modified literature procedure29 in which 
stopper azide 3.5 was reacted with an excess of bipyridinium bis-alkyne 3.4, in the 
presence of Cu(MeCN)4PF6 and TBTA. Purification by reverse phase medium pressure 
liquid chromatography (MPLC) afforded the target mono-stoppered thread in good yield. 
 
 
 
Scheme 3.1  Synthesis of mono-stoppered bipyridinium thread 3.6.                                                        
Reagents and conditions:  (i)  TsCl, TEA, DMAP, RT, 48 h, 93%; (ii) DMF, 150 °C, 2 h, 71%; (iii) 
Cu(MeCN)4PF6, TBTA, acetone, RT, 48 h, 76%. 
 
A similar strategy was initially employed for the synthesis of the neutral mono-stoppered 
naphthalene diimide thread 3.8 (Scheme 3.2).  However, despite using an excess of diimide 
bis-alkyne 3.7, all attempts to synthesise 3.8 were unsuccessful.  Only the di-stoppered 
thread 3.9 and unreacted diimide bis-alkyne 3.7 were isolated from the reaction mixtures.  
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This can be attributed to the insolubility of diimide bis-alkyne 3.7 in almost all organic 
solvents.  Although the the first cycloaddition between diimide bis-alkyne 3.7 and stopper 
azide 3.5 is inherently slow, upon formation, the soluble mono-stoppered naphthalene 
diimide thread 3.8 immediately reacts with the remaining stopper azide 3.5 in solution to 
yield exclusively the di-stoppered thread 3.9. 
 
Scheme 3.2  Attempted synthesis of mono-stoppered naphthalene diimide thread 3.8.         
Reagents and conditions: (i) Cu(MeCN)4PF6, DIPEA, DCM: MeOH (9:1), RT, 48 h. 
 
An alternative strategy involving the initial synthesis of unsymmetrical naphthalene 
diimide 3.10 was ultimately used to syntheise the mono-stoppered naphthalene diimide 
thread 3.12 (Scheme 3.3).  Propargyl amine and 5-amino-1-pentanol were slowly added to 
a heated suspension of 1,4,5,8-naphthalentetracarboxylic dianhydride in anhydrous DMF, 
to provide the unsymmetrical diimide 3.10 in a statistical yield following purification by 
column chromatography.  Subsequent Mitsunobu reaction between 3.10 and the stopper 
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phenol 3.1130 afforded the desired mono-stoppered thread 3.12 in 61% yield. 
 
 
 
Scheme 3.3  Synthesis of mono-stoppered naphthalene diimide thread 3.12.  Reagents and 
conditions:  (i) DMF, 120 °C, 2 h, 32%; (ii) PPh3, DBAD, CHCl3, RT, 50 h,  61 %.                                             
 
3.2.2 Control Solution Based Rotaxane Experiments  
Having obtained both the mono-stoppered bipyridinium 3.6 and the mono-stoppered 
naphthalene diimide 3.12 threads, conditions for rotaxane formation using dinaphtho-38-
crown-10 2.4 as the macrocycle component were investigated.  Whilst similar rotaxanes 
using these components have been previously reported, these experiments were important 
not only to establish ideal conditions for the surface “click” reactions, but were also 
necessary in order to ensure that the increased solubility of the thread did not significantly 
affect the yield of rotaxane as has been seen in related systems.31   
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Preliminary reactions between stopper azide 3.5 and mono-stoppered threads 
bipyridinium 3.6 and naphthalene diimide 3.12 were undertaken (Scheme 3.4).  A solution 
of either mono-stoppered thread 3.6 or 3.12 (in dry, degassed 5% MeOH: 95% CHCl3) was 
reacted with stopper azide 3.5 in the presence of 0.1 equivalent of Cu(I) catalyst 
Cu(MeCN)4PF6 (Scheme 3.4).  This protocol produced both bipyridinium dumbbell 3.13 
and naphthalene diimide dumbbell 3.14 in 80% yields.  
 
 
Scheme 3.4  Synthesis of bipyridinium dumbbell 3.13 and naphthalene diimide dumbbell 3.14.  
Reagents and conditions:  (i) 3.6, Cu(MeCN)4PF6, TBTA, CHCl3: MeOH (95:5), RT, 12 days, 80%; (ii) 
3.12, Cu(MeCN)4PF6, TBTA, CHCl3: MeOH (95:5), RT, 12 days, 80%. 
 
Having established the efficiency of the “click” reaction between stopper azide 3.5 and both 
alkyne-functionalised threads, attention then turned to the synthesis of solution phase 
[2]rotaxanes 3.15 and 3.16.  A solution of either mono-stoppered thread 3.6 or 3.12, was 
reacted with stopper 3.5 in the presence of 1 equivalent of crown 2.4 (Schemes 3.5 and 
3.6).  Following purification via column chromatography, the desired bipyridinium 
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[2]rotaxane 3.15 and the naphthalene diimide [2]rotaxane 3.16 were isolated in 25% and 
23% yields, respectively.   
 
Scheme 3.5  Synthesis of solution phase bipyridinium [2]rotaxane 3.15.                                              
Reagents and conditions:  (i) Cu(MeCN)4PF6, TBTA, CHCl3: MeOH (95:5), RT, 4 days, 25%. 
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Scheme 3.6  Synthesis of solution phase naphthalene diimide [2]rotaxane 3.16.                                   
Reagents and conditions:  (i) Cu(MeCN)4PF6, TBTA, CHCl3: MeOH (95:5), RT, 4 days, 23%. 
 
It was envisaged that using an excess of crown 2.4 would maximise pseudorotaxane 
formation thereby increasing the yield of [2]rotaxanes 3.15 and 3.16.  Hence, the solution-
phase rotaxane reactions were repeated using 5 equivalents of crown 2.5, and as expected 
the yield of [2]rotaxanes 3.15 and 3.16 increased to 36% and 33%, respectively.  
Pleasingly, these yields of [2]rotaxanes were not significantly different to the yields to be 
expected from employing “double click” strategies with insoluble bis-alkyne threads.31  
Therefore, it was concluded that the use of the more soluble mono-stoppered threads 3.6 
and 3.12 should still afford reasonable yields of interlocked products tethered to polymer 
bead surfaces. 
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3.2.3 Characterisation of Solution Phase [2]Rotaxanes 
Both rotaxanes were characterised by 1H NMR, 13C NMR, COSY NMR, UV-Vis, and ESI-MS 
(mass peak at m/z = 1066.6174 [M−2PF6]2+ for 3.15 and m/z = 2130.1467 [M]+ for 3.16).  
Unlike the non-interlocked counterparts, namely dumbbells 3.13 and 3.14 and macrocycle 
2.4, which are either off-white or pale yellow in colour, both [2]rotaxanes 3.15 and 3.16 
are intensely coloured (red/pink).  This colouration is attributed to a charge transfer 
interaction which can be seen in the UV-Vis absorption spectra at 517 nm (ε = 1710 M-1cm-
1) for the bipyridinium rotaxane 3.15 and at 491 nm (ε = 1043 M-1cm-1) for the naphthalene 
diimide rotaxane 3.16 (Figure 3.2).  This is indicative of strong complexation in the 
mechanically interlocked systems and similar charge transfer bands have been observed in 
related bipyridinium-crown and naphthalene diimide-crown rotaxanes and catenanes.31-33  
 
Figure 3.2  UV-Vis absorption spectra of the bipyridinium [2]rotaxane 3.15 (purple) and the 
naphthalene diimide [2]rotaxane 3.16 (red) in CHCl3 (Concentration = 0.10 mM-1). 
  
The partial 1H NMR spectra of 3.15 and 3.16 in CDCl3 are displayed in Figures 3.3 and 3.4, 
respectively.  For the bipyridinium rotaxane 3.15, significant upfield shifts in the 
bipyridinium protons a and b (Δδ = 1.86 ppm and 0.88 ppm respectively), and crown 
protons β and γ (Δδ = 0.10 ppm and 0.80 ppm respectively) were observed due to π–π 
stacking interactions between the crown ether macrocycle and bipyridinium thread, 
indicative of successful rotaxane formation (Figure 3.3).   
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Figure 3.3  Aromatic region of the 1H NMR spectra of mono-stoppered bipyridinium thread 3.6 
(top), bipyridinium [2]rotaxane 3.15 (middle), and dinaphth-38-crown-10 2.4 (bottom) in CDCl3 at 
303 K.                                                                                                                                                                            
 
1H NMR analysis of the neutral naphthalene diimide [2]rotaxane 3.16 also revealed 
significant upfield shifts in the both the naphthalene diimide and macrocyclic protons 
(Figure 3.4).  The naphthalene diimide proton a is shifted from 8.81 ppm to 8.29 ppm, 
indicative of the shielding effect from the aromatic protons in the macrocycle.  Similarly, 
the crown aromatic protons α, β and γ have been shifted upfield, appearing at 5.98, 6.43 
and 6.82 ppm in the bound rotaxane, as compared to their typical shifts when unbound of 
6.52, 7.20 and 7.80 ppm.  These changes in chemical shifts are characteristic of the 
interlocked nature of this structure, and are consistent with literature reports of related 
[2]rotaxanes.31  
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Figure 3.4  Aromatic region of the 1H NMR spectra of mono stoppered diimide thread 3.12 (top), 
diimide [2]rotaxane 3.16 (middle), and dinaphth-38-crown-10 2.4 (bottom) in CDCl3 at 303 K.   
 
3.2.4 Surface Functionalisation of Polystyrene Resin Beads 
Having established suitable reaction conditions for the synthesis of diimide and 
bipyridinium [2]rotaxanes in solution, attention turned to the attachment of these 
[2]rotaxanes to polymer resins using “click” chemistry. The synthesis of azide 
functionalised TentaGel resins was achieved via an initial reaction of TentaGel HL-OH beads 
with tosyl chloride to generate the tosylated resin 3.17.  This was subsequently reacted 
with sodium azide to give the desired azide functionalised beads 3.18.  In both reactions, a 
large excess of either tosyl chloride or sodium azide was used in order to maximise 
functional group conversion.  As a control, the azide functionalised beads 3.18 were 
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initially reacted with the mono-stoppered threads 3.6 and 3.12 to give the bipyridinium 
and diimide thread functionalised beads 3.19 and 3.20, respectively (Scheme 3.7).    
 
 
Scheme 3.7  Synthesis of bead surface-attached bipyridinium and naphthalene diimide threads 
3.19 and 3.20 and [2]rotaxanes 3.1 and 3.2.  Reagents and conditions: (i) TsCl, TEA, DMAP, CH2Cl2, 
RT, 7 days;  (ii) NaN3, H2O, RT, 7 days; (iii) 3.12, TBTA, Cu(MeCN)4PF6, CHCl3: MeOH (95:5), RT, 7 
days; (iv) 3.12, 2.4, TBTA, Cu(MeCN)4PF6, CHCl3: MeOH (95:5), RT, 7 days; (v) 3.6, 2.4, TBTA, 
Cu(MeCN)4PF6, CHCl3: MeOH (95:5), RT, 7 days; (vi) 3.6, TBTA, Cu(MeCN)4PF6, CHCl3: MeOH 
(95:5), RT, 7 days. 
 
IR spectroscopy was used initially to qualitatively monitor the success of the “click” 
reaction at the bead surface.  After conversion of the starting TentaGel-OH beads to the 
azide-functionalised resin 3.18, a new band was observed at 2108 cm-1, which is 
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characteristic of the N3 moiety (Figure 3.5).  Upon a “click” reaction with either the mono-
stoppered thread 3.6 or the mono-stoppered thread 3.12, this resonance disappeared 
indicating that the bead functionalisation reaction to give thread-functionalized beads 3.19 
and 3.20 was successful (Figure 3.5 and Appendix).  Furthermore, the appearance of a new 
peak at 1680 cm-1 in the IR spectrum of naphthalene diimide functionalized beads 3.20 was 
attributed to the carbonyl of the naphthalene diimide thereby providing complementary 
evidence that the thread was attached. 
 
 
Figure 3.5  IR spectra of TentaGel-OH beads (blue), azide functionalised TentaGel beads 3.19 (red) 
and naphthalene diimide thread functionalised beads 3.20 (green) with the expansion (inset) 
highlighting the appearance and disappearance of the azide resonance at 2108 cm-1. 
 
 
 
3.2.5 1H HR MAS NMR Analysis of Mono-stoppered Thread Functionalised 
Resins 
1H HR MAS NMR analysis of beads 3.19 and 3.20 also confirmed successful attachment of 
the thread components, as  evidenced by the expected naphthalene diimide (8.73 ppm) and 
triazole (7.78 ppm) aromatic peaks for the diimide functionalised resin 3.20 (Figure 3.6), 
and the bipyridinium (8.93 and 8.38 ppm) and triazole (7.68 ppm) aromatic peaks for the 
bipyridinium functionalised resin 3.19 (Figure 3.7) visible in the NMR spectra.  In both 
cases, aromatic peaks for the tetraphenyl stopper group were observed at 7.22, 7.08 and 
6.72 ppm.   
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Figure 3.6  1H NMR spectrum of mono-stoppered naphthalene diimide thread 3.12 (top) and 1H 
HR MAS NMR spectrum of the naphthalene diimide thread functionalised beads 3.20 (8 CPMG, 
bottom).  The beads were swollen in CDCl3.                                                                                                        
 
Good signal to noise was achieved when running the basic 1D HR MAS NMR experiments 
for both resins 3.19 and 3.20.  However, for bipyridinium functionalised resins 3.19, 
application of a standard 32 π-pulse CPMG sequence (used in previous studies to improve 
the quality of the 1H spectrum by removing the broad aromatic resonances arising from the 
polystyrene bead core) also resulted in the removal of the broad bipyridinium aromatic 
proton peaks (Figure 3.7).  This is due to the fact that while the CPMG pulse sequence 
successfully filters out any broad resonances due to the bead core, it is an indiscriminate 
process and the intensity of signals arising from the tethered components can also be 
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suppressed, depending on their relaxation properties.  Consequently, shorter CPMG pulse 
sequences with only 8 π-pulses were acquired to find the balance between suppression of 
the bead core resonances without significantly affecting the proton peaks attributed to the 
bipyridinium thread.  From these experiments it was clear that the Cu(I) catalyzed Huisgen 
1,3-dipolar cycloaddition reaction was successful in functionalising azide beads 3.18 with 
a loading of thread sufficient to record good quality 1H HR MAS NMR spectra. 
 
 
 
 
Figure 3.7  1H NMR spectrum of mono-stoppered bipyridinium thread 3.6 (A) and comparison of 
the effect of the number of CPMG loops on the quality of the 1H HR MAS NMR spectrum of 
bipyridinium thread functionalised beads 3.19 (B-D). The beads were swollen in CDCl3.                 
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3.2.6 Attachment and 1H HR MAS Analysis of Resin Tethered [2]Rotaxanes 
 
The bead functionalisation reaction was then repeated in the presence of one equivalent of 
crown 2.4 to generate the target [2]rotaxane functionalised beads 3.1 and 3.2 (Scheme 
3.7).  Analysis by IR spectroscopy revealed that the peak characteristic of the azide 
functionality on resin 3.18 (i.e. 2108 cm-1) was absent in the IR spectra for [2]rotaxane 
functionalised beads 3.1 and 3.2 thereby indicating good bead loading (Appendix B, 
Figures B2 and B3).  Visual inspections of the [2]rotaxane functionalised beads 3.1 and 3.2 
were also promising as unlike the thread functionalised beads 3.20 and 3.21, which were 
yellow in appearance, both [2]rotaxane functionalised beads had a strong reddish 
appearance (Figure 3.8).  This colouration (which was also observed in solution phase 
[2]rotaxanes 3.15 and 3.16) is indicative of donor-acceptor complex formation between 
crown macrocycles and naphthalene diimide or bipyridinium motifs, resulting in this 
characteristic charge-transfer phenomenon.   
 
(a)   (b)   
(c)   (d)   
 
Figure 3.8   4x Magnification optical microscope photos of (a) 3.19, (b) 3.20, (c) 3.1 and (d) 3.2 
beads. 
 
Further definitive evidence of rotaxane attachment on the polymer bead surface was 
provided by 1H HR MAS NMR spectroscopy. For the bipyridinium rotaxane functionalised 
beads 3.1, two sets of bipyridinium peaks (a and b) were observed, with those belonging 
to the uncomplexed thread appearing at 9.21 and 8.60 ppm, while those indicative of 
rotaxane formation appeared in upfield positions at 8.19 and 6.78 ppm (Figure 3.9).  
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Likewise peaks for the crown ether macrocycle were observed at 6.78 and 6.56 ppm.  
Integration of the basic 1D NMR spectrum suggests that the target bipyridinium rotaxane 
species 3.1 was approximately 40% of the total bead tethered population with the 
remaining surface functionalised by the uncomplexed bipyridinium thread. 
 
 
 
 
 
Figure 3.9  1H HR MAS NMR spectra of bipyridinium [2]rotaxane functionalised beads 3.1 (32 
CPMG, top) and solution-phase bipyridinium [2]rotaxane 3.15 (bottom) in CDCl3.  The beads were 
swollen in CDCl3.                                                                                                                                                                  
 
For diimide rotaxane functionalised beads 3.2, again two sets of naphthalene diimide peaks 
were observed in the 1H HR MAS NMR spectrum, with those corresponding to unbound 
naphthalene diimide appeared at 8.70 ppm, and those resulting from the complexed 
[2]rotaxane diimide appeared upfield at 8.21 ppm (Figure 3.10).  In addition, peaks 
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corresponding to the crown ether aromatic protons γ, β, and α were identified at 6.81, 6.36 
and 5.89 ppm, respectively. This 1H HR MAS NMR analysis clearly indicates that a mixture 
of naphthalene diimide thread and diimide [2]rotaxane were attached to the bead surface.  
From proton integration of the basic 1D NMR spectrum, the percentage of rotaxane was 
determined to be approximately 20%. 
 
 
 
 
Figure 3.10 1H HR MAS NMR spectra for naphthalene diimide thread functionalised beads 3.20 
(top), naphthalene diimide [2]rotaxane functionalised beads 3.2 (middle), and 1H NMR spectrum 
for solution-phase naphthalene diimide [2]rotaxane 3.16 (bottom) in CDCl3.  The beads were 
swollen in CDCl3. 
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Attempts to improve the proportion of interlocked architectures on the surface by using an 
excess of crown 2.4 (five equivalents) were surprisingly unsuccessful.  IR and HR MAS NMR 
spectroscopy showed a drop in the efficiency of the click reaction as evidenced by the 
appearance of a residual azide peak in the IR at 2108 cm−1, and poor quality HR MAS NMR 
spectra. This is contrary to the solution based control studies in which increasing the 
macrocycle concentration had no effect on the overall reaction efficiency. Addition of more  
copper catalyst did not improve reaction efficiency. 
 
 
3.2.7  Dynamic Combinatorial Synthesis of a Resin Tethered Naphthalene  
 Diimide [2]Rotaxane 
   
Given the successful attachment of stoppered threads to the polystyrene beads and the 
success of synthesising a rotaxane and a catenane incorporating these motifs using 
disulfide exchange (refer to Chapter 2), investigations into whether disulfide exchange 
could be used to assemble interlocked architectures at the solution-surface interface were 
carried out.   To our knowledge, dynamic covalent chemistry has not yet been used to 
assembled interlocked architectures upon the surface of swelling polymer supports.  It was 
hoped that addition of naphthalene diimide thread functionalised beads 3.20 to a solution 
of 1,5-dialkoxynaphthalene 2.1 under the conditions of disulfide exchange would result in 
the self-assembly of disulfide-linke bead-tethered [2]rotaxane 3.21 (Scheme 3.8). 
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Scheme 3.8  Dynamic synthesis of disulfide-linked naphthalene diimide [2]rotaxane 3.22.  
Reagents and conditions:  (i) 1 equiv. DBU, CHCl3, air, RT, 14 days. 
 
 The conditions initially used to assemble bead-tethered rotaxane 3.21 were identical to 
those used for the synthesis of naphthalene diimide [2]rotaxane 2.16 (discussed in Chapter 
2).  Specifically, naphthalene diimide thread functionalised beads 3.20 (1 equiv.) were 
added to a solution of 1,5-dialkoxynaphthalene dithiol 2.1 (2 equiv.) in CHCl3 and disulfide 
exchange was initiated by the addition of 1 equivalent of DBU (1 equiv.).  The reaction was 
left to stir at ambient conditions for 14 days, to ensure that thermodynamic equilibrium 
was reached.  After this time the beads were washed extensively to remove any untethered 
library components. 
 
Pleasingly, visual inspections of beads 3.21 showed that in contrast to the yellow thread 
functionalised resins 3.20 (Figure 3.8), disulfide beads 3.21 were a distinct red colour 
(Figure 3.11). This red colouration was exhibited by analogous solution phase [2]rotaxane 
2.16 and surface rotaxane 3.2 indicating a charge transfer phenomenon between the π-
rich dialkoxynaphthalene motifs of the macrocycle and the π-deficient naphthalene diimide 
motif in the thread.  Thus, at least qualitatively suggestive of at least some rotaxane 
assembly at the bead-solvent interface.  Definitive evidence of rotaxane assembly in beads 
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3.21 can only be obtained by 1H HR MAS NMR analysis, but the time constraints of this 
project prevented this analysis from being undertaken.  
 
(a)   (b)   
 
Figure 3.11  Optical microscope photos of beads 3.21 at (a) 2x and (b) 4x magnification 
 
 
 
3.3 SUMMARY AND CONCLUSIONS 
This study has shown that the Cu(I)-catalysed Huisgen 1,3-dipolar cycloaddition or “click” 
reaction between azides and alkynes is an effective reaction for synthesising interlocked 
architectures both in solution and on solid supports.  The synthesis of mono-stoppered 
rotaxane thread components was achieved in good yields, and subsequent attempts to 
synthesise [2]rotaxanes in solution proceeded smoothly with the target interlocked 
architectures being isolated in yields of 33-36%.  These yields are comparable to related 
literature reports of “double click” reaction strategies thereby indicating that the 
stoppering of one end of each thread had no significant effect on its binding to the 
macrocycle or subsequent rotaxane formation.  
 
 
Analogous “click” reactions to functionalise polymer resins with interlocked architectures 
were also attempted.  Initial screening of the azide bead functionalisation and subsequent 
reaction with the mono-stoppered diimide or bipyridinium threads was followed using IR 
spectroscopy.  Clear (qualitative) evidence of the appearance and subsequent 
disappearance of the azide resonance at 2108 cm−1 suggested that the click reactions were 
highly efficient.  1H HR MAS NMR spectroscopy demonstrated that the reactions to 
functionalise the beads with individual stoppered thread components were successful with 
bead loading at a sufficient level to allow high quality 1H spectra to be recorded. 
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However, inherent broadness in the 1H HR MAS NMR spectra due to the polystyrene bead 
core did obscure some of the resonances arising from the attached threads or rotaxanes 
(particularly for beads functionalised with the bipyridinium thread).  Attempts to 
selectively remove the broad polystyrene resonances with a standard 32 π-pulse CPMG 
pulse sequence also resulted in the removal of characteristic bipyridinium aromatic proton 
peaks.  This is due to the non-discriminant nature of the CPMG pulse sequences used and 
thus a careful balance needed to be found such that the quality of the NMR spectra was 
improved by removing some of the broadness associated with the polystyrene core without 
impacting significantly on the attached thread or rotaxane resonances.  
 
 
When the bead reactions were repeated in the presence of the dinaphtho-38-crown-10 
macrocycle, significant proportions of both the bipyridinium rotaxane 3.1 (40%) and the 
diimide rotaxane 3.2 (20%) were evident in the 1H HR MAS NMR spectra.  Attempts to 
increase the proportion of rotaxane on the bead by using an excess of crown were not 
successful.  In fact the excess crown impeded the bead functionalisation reaction, as 
evidenced by the residual azide peak in the IR spectrum and the poor signal to noise ratios 
observed in the 1H HR MAS spectra. This is surprising given the fact that the use of excess 
crown did not negatively impede the rate of the “click” reaction or yield in our solution 
control studies.  
 
 
Addition of higher equivalents of copper catalyst also failed to improve reaction efficiency 
suggesting that the poor reaction efficiency is not due to problems with the copper catalyst 
(i.e. the excess crown sequestering the copper) as this would have been either observed in 
solution control studies or overcome upon addition of excess copper to the bead reactions.  
Whether the excess crown ether macrocycle is binding to the polyether tethers in such a 
way as to inhibit the reaction with the diimide or bipyridinium thread remains unclear.  
Repeated “click reactions” of these beads in the presence of excess crown may ultimately 
lead to complete bead functionalisation, however more efficient syntheses will be the focus 
of future work.   Nevertheless this is a clear example of a situation wherein solution 
chemistry has not been directly transferred to the chemistry of solid supports, thereby 
highlighting the importance of using surfaces and analytical techniques, such as swelling 
polymer resins and 1H HR MAS NMR spectroscopy, that allow such direct comparison 
between solution and surface processes.   
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Our first attempt to synthesis bead-tethered [2]rotaxane via disulfide exchange was 
promising with a distinctive change in bead colour qualitatively indicative of at least some 
rotaxane assembly at the solution-surface interface.  The characterisation of the disulfide 
rotaxane beads 3.21 by 1H HR MAS NMR spectroscopy will be the immediate focus of future 
work.   
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CHAPTER 4 
 
CONCLUSIONS AND FUTURE WORK 
 
The work presented in this thesis outlines an effort to develop new synthetic routes for the 
synthesis of mechanically interlocked architectures both in solution and on solid supports.  
Initial studies explored the use of reversible dynamic covalent chemistry to assemble 
supramolecular architectures in solution.  Specifically, disulfide exchange was used to 
prepare a series of donor-acceptor macrocycles, a [2]catenane 2.23, and a [2]rotaxane 2.24 
from dynamic libraries containing dithiol-functionalised naphthalene diimide, porphyrin, 
and dialkoxynaphthalene building blocks.  Reproduction of these analytical libraries on a 
preparative scale enabled the isolation and characterisation by 1H NMR spectroscopy of 
both [2]catenane 2.23 and [2]rotaxane 2.24 in 20% and 22% yields, respectively.  Whilst 
an array of disulfide-linked catenanes have been previously prepared, this is a rare report 
of the synthesis of a rotaxane via disulfide exchange.   
 
Attention subsequently turned to exploring the attachment of interlocked architectures on 
surfaces.  One of the challenges with depositing complex architectures onto surfaces is their 
characterisation.  In order to overcome this difficulty, TentaGel polymer resin beads were 
chosen as the solid support because the success of surface functionalisation can be 
monitored by 1H HR MAS NMR spectroscopy.  Initially, the Cu(I) catalysed “click” reaction 
was used to attach a bipyridinium [2]rotaxane 3.1 (30%) and a naphthalene diimide 
[2]rotaxane 3.2 (20%) to the beads, which were characterised by IR spectroscopy and 1H 
HR MAS NMR spectroscopy.  Further attempts to increase the proportion of rotaxane on 
the bead utilised an excess of crown macrocycle, but these experiments were unsuccessful.  
 
Nonetheless, it was envisaged that rotaxane assembly using disulfide exchange could be an 
alternative route to assemble interlocked architectures on surfaces.  Preliminary attempts 
using dynamic covalent chemistry to functionalise polymer resins involved adding beads 
already functionalised with naphthalene diimide thread to a dynamic library of 
dialkoxynaphthalene dithiol.  It was hoped that the dialkoxynaphthalene thread would 
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dimerise around the naphthalene diimide moiety thereby giving rise to rotaxanes on the 
bead surface.  Distinctive changes in bead colour indicative of charge transfer interactions 
were observed over time thereby qualitatively signifying at least partial rotaxane assembly 
at the solution-bead surface interface.  However, characterisation of these beads using 1H 
HR MAS NMR spectroscopy is required to quantitatively demonstrate attachment of 
interlocked architectures, and thus, will form the immediate focus of future work.   
 
Future investigations will also explore disulfide-mediated assembly of donor-acceptor 
interlocked architectures from a variety of building blocks.  In particular, π-electron rich 
porphyrins, such as zinc (II) porphyrin 2.2, present exciting possibilities for the 
development of functional surface-tethered interlocked architectures due to their rich 
photochemistry, electrochemistry, and coordination properties which can be controlled by 
external stimuli.  In addition to the rotaxane assembly explored in this project, a variety of 
synthetic approaches using disulfide exchange will be investigated on the surface of 
TentaGel resin beads (Scheme 4.1).  For example, the addition of beads already 
functionalised with macrocycle to a solution of dithiol building blocks could result in the 
dynamic assembly of a [2]catenane on the bead surface.  Alternatively, thiol functionalised 
beads could be used to stopper a pseudorotaxane thereby affording a solid-tethered 
[2]rotaxane.  Potentially, disulfide-exchange could be used to attach even more elaborate 
interlocked architectures, such as knots and Borromean rings, to the surface of TentaGel 
resin beads. 
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Scheme 4.1  Schematic illustration of future syntheses of solid phase interlocked architectures 
using disulfide exchange. 
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CHAPTER 5 
 
EXPERIMENTAL METHODS 
 
5.1 MATERIALS AND CHARACTERISATION TECHNIQUES 
Unless otherwise stated, reagents were purchased from commercial sources and used 
without further purification.  The following solvents (AR grade) were distilled and dried 
prior to use according to standard procedures: acetonitrile and N,N-dimethylformamide 
were dried over type 3 Å or 4 Å molecular sieves; ethyl acetate, methanol and hexane were 
distilled under reduced pressure; tetrahydrofuran was distilled over benzophenone and 
sodium; triethylamine was dried over KOH.  TentaGelTM-HL-OH resins were purchased 
from Peptides International with a quoted loading of 0.43 mmol/g and a particle size of 
approximately 90 μm.  All microwave syntheses were performed using a Biotage Initiator+ 
Microwave Synthesizer.   
 
Column chromatography on silica gel was carried out using Merck Silica Gel 60 (grade 
9385, 230 - 400 mesh).  Analytical TLC was carried out on Merck Silica Gel 60 F254 pre-
coated aluminium sheets. Medium Pressure Liquid Chromatography (MPLC) was 
performed by using an Agilent Technologies 971-FP Flash Purification System equipped 
with an Agilent SuperFlash C18n (SF 25-55g) column.  
 
Solution NMR spectra were recorded on a Bruker Avance 400 MHz spectrometer or a 
Varian  400 MHz spectrometer at 303 K.  High Resolution Magic Angle Spinning (HR MAS) 
NMR spectra were acquired on a Bruker DRX400 spectrometer at room temperature using 
a Bruker HR MAS probe.  Rotors containing a suspension of the beads in CDCl3 were spun 
at 4 kHz.  One-dimensional HR MAS spectra were obtained with 64 scans.  Unless otherwise 
stated, the CPMG pulse sequence contained 0, 8, 32 or 64 π-pulses with a repetition time of 
30 ms.  For all NMR spectra, chemical shifts (δ) are reported in parts per million (ppm) and 
are referenced to the residual solvent peak.    
 
ESI high-resolution mass spectra were obtained using an Agilent 6520 Accurate Mass 
Quadrupole Time-of-Flight LC mass spectrometer that was equipped with electrospray 
ionization. UV-Vis spectra were acquired using a Shimadzu UV-1800 UV-Vis 
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spectrophotometer.  FT-IR spectra were obtained using a Thermo Nicolet Nexus 870 
spectrometer equipped with a 45 ˚ Ge ATR accessory at 4 cm-1 resolution using 64 scan 
averaging.   
 
Melting points were measured by the capillary method on a Gallenkamp variable-
temperature melting point apparatus and are uncorrected.  Bead photographs were taken 
using a Leica MZ6 modular stereomicroscope equipped with a Leica CLS 150 light source 
and Leica camera mounted at 4 x magnification. 
 
 
5.2 SYNTHETIC PROCEDURES 
 
The 1,5-dialkoxynaphthalene dithiols 2.1,1 bipyridinium bis-alkyne 3.4,2 stopper azide 
3.5,3 naphthalene diimide bis-alkyne 3.7,4 stopper phenol 3.11,5 and dinaphtho-38-crown-
10 2.46 were all synthesised according to literature procedures.  The bis-
(benzylthioacetate) zinc porphyrin 2.15 was prepared by modification of a standard 
synthetic route.1,7,8   
 
2,2'-(((Naphthalene-1,5-diylbis(oxy))bis(ethane-2,1-diyl))bis(oxy)diethanethiol 
(2.1) 1 
 
 
 
S,S'-((((naphthalene-1,5-diylbis(oxy))bis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-
diyl))diethanethioate (20 mg, 0.044 mmol) was dissolved in dry, degassed DCM (2.2 mL) 
under an atmosphere of argon.  Sodium methoxide (14 mg, 0.26 mmol) dissolved in dry, 
degassed MeOH (2.2 mL) was then added, and the reaction mixture was stirred at room 
temperature for 5 minutes.  Degassed 1M HCl (4.5 mL) was added to the reaction mixture, 
and the bi-phasic mixture was stirred vigorously.  The aqueous layer was extracted with 
DCM (2 x 3.0 mL), and the organic extracts were combined, dried over MgSO4, and the 
solvent evaporated.  The crude material was purified by column chromatography using 
25% Hexane: 75% CHCl3 to 25% EtOAc: 75% CHCl3 as the eluent to afford the pure product 
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as a pale yellow solid (15 mg, 89%); m.p. 128-131 °C; m/z (ESI-MS) [M+Na]+ 391.1017 
C18H24NaO4S2 (calc. 391.1037); 1H NMR (400 MHz, CDCl3) δ 7.89 (2H, d, JHH = 8.6 Hz, γ-H), 
7.38 (2H, t, JHH = 8.0 Hz, β-H), 6.87 (2H, d, JHH = 7.4 Hz, α-H), 4.32 (4H, t, JHH = 4.8 Hz, OCH2),  
4.00 (4H, t, JHH = 4.8 Hz, OCH2), 3.79 (4H, t, JHH = 6.4 Hz, OCH2), 2.77 (4H, dt, JHH = 8.0,  6.4 Hz, 
SCH2), 1.66 (2H, t, JHH = 8.2 Hz, SH); 13C NMR (100 MHz, CDCl3) δ 154.3, 126.8, 125.1, 114.7, 
105.7, 73.1, 69.5, 67.9, 24.4. 
 
Bis-(benzylthiol) substituted zinc porphyrin (2.2) 1,8,9 
 
 
 
Bis-(benzylthioacetate) substituted zinc metallated porphyrin 2.9 (20 mg, 0.019 mmol) 
was dissolved in dry, degassed DCM (945 μL) under an atmosphere of argon.  Sodium 
methoxide (7 mg, 0.13 mmol) dissolved in dry, degassed MeOH (945 μL) was then added, 
and the reaction mixture was stirred at room temperature for 10 minutes.  Degassed H2O 
(2.0 mL) was added to the reaction mixture, and the bi-phasic mixture was stirred 
vigorously.  The aqueous layer was extracted with DCM (2 x 4.0 mL).  The organic layers 
were combined, dried over MgSO4, and the solvent was evaporated.  This crude material 
was purified by column chromatography 50% EtOAc: 50% Hexane as the eluent to yield 
the pure product as a red solid (17 mg, 88%); m.p. 178-181 °C; m/z (ESI-MS) [free base 
M+H]+ 947.6046 C62H83N4S2 (calc. 947.6053); 1H NMR (400 MHz, CDCl3) δ 10.20 (2H, s, 
meso-H), 8.08 (2H, s, Ar-H), 7.97 (2H, d, JHH  = 6.6 Hz, Ar-H), 7.77-7.69 (4H, m, Ar-H), 4.04-
3.96 (12H, m, hexyl-CH2 and CH2-SH), 2.49 (12H, s, CH3),  2.24-2.16 (8H, m, hexyl-CH2), 1.98 
(2H, t, JHH = 8.0 Hz, SH), 1.80-1.73 (8H, m, hexyl-CH2), 1.53-1.48 (8H, m, hexyl-CH2), 1.45-
1.35 (8H, m, hexyl-CH2), 0.93 (12H, t, JHH = 7.2 Hz,  hexyl-CH3); 13C NMR (100 MHz, CDCl3) δ 
147.6, 146.4, 144.0, 143.6, 140.3, 138.0, 133.2, 132.0, 127.9, 127.6, 118.9, 97.7, 33.3, 32.0, 
31.9, 30.0, 29.7, 22.8, 22.7, 14.1. 
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2,7-Bis(2-(2-mercaptoethoxy)ethyl)benzo[lmn][3,8]phenanthroline-1,3,6,8 
(2H,7H)-tetraone (2.3) 
 
 
 
S,S'-((((1,3,6,8-tetraoxobenzo[lmn][3,8]phenanthroline-2,7(1H,3H,6H,8H)-diyl)bis 
(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-diyl)) diethanethioate 2.7 (21 mg, 0.038 mmol) 
was dissolved in dry, degassed DCM (1.9 mL) under an atmosphere of argon.  Sodium 
methoxide (17 mg, 0.31 mmol) dissolved in dry, degassed MeOH (1.9 mL) was then added, 
and the reaction mixture was stirred at room temperature for 10 minutes.  Degassed 1M 
HCl (4.0 mL) was added to the brown reaction mixture, and the bi-phasic mixture was 
stirred vigorously.  The aqueous layer was extracted with DCM (2 x 4.0 mL).  The organic 
extracts were combined, dried over MgSO4, and the solvent was evaporated.  This crude 
material was purified by column chromatography 10 % EtOAc: 90 % CHCl3 as the eluent to 
yield the pure product as a cream solid (10 mg, 57 %); m.p. 132-134 °C; m/z (ESI-MS) 
[M+Na]+ 497.0816 C22H22N2NaO6S2 (calc. 497.0817); 1H NMR (400 MHz, CDCl3) δ 8.78 (4H, 
s, Ar-H), 4.49 (4H, t, JHH = 5.7 Hz, CH2), 3.85 (4H, t, JHH = 5.9 Hz, CH2), 3.66 (4H, t, JHH = 6.1 Hz, 
CH2), 2.65 (4H, dt, JHH = 8.1, 6.3 Hz, CH2), 1.52 (2H, t, JHH = 8.0 Hz, CH3);   13C NMR (100 MHz, 
CDCl3) δ 162.9, 131.1, 126.8, 126.6, 72.3, 67.6, 39.7, 24.4. 
 
3-Hexylpentan-2,4-dione (2.9) 7 
 
 
 
Acetyl acetone (46.0 g, 460 mmol) and iodohexane (100.0 g, 463.0 mmol) were added to a 
suspension of K2CO3 (70.0 g, 506 mmol) in dry acetone (1200 mL) under argon.  The 
reaction mixture was refluxed with vigorous stirring for 24 hours.  After cooling to room 
temperature, the reaction mixture was filtered and the residual white solid was washed 
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with acetone.  The filtrate and washings were combined and evaporated in vacuo.  As the 
volume reduced, additional white solid precipitated out and this was filtered off to yield the 
crude product as a yellow liquid.  This yellow liquid was distilled under a house vacuum of 
22 mm Hg, and all distillate with a boiling point below 140 °C was discarded. The resulting 
yellow oil was subsequently distilled under reduced pressure using a high-vacuum pump 
apparatus.  All distillate with a boiling point less than 85 °C was discarded to afford the pure 
product as a yellow oil (64.0 g, 76%); 1H NMR (400 MHz, CDCl3) δ 3.57 (1H, t, JHH = 7.2 Hz, 
CH), 2.15 (3H, s, CH3), 2.11 (3H, s, CH3), 1.80 (2 H, q, JHH = 7.2 Hz, hexyl-CH2), 1.43-1.15 (8H, 
m, hexyl-CH2), 0.92-0.80 (3 H, m, hexyl-CH3). 
 
Benzyl 4-hexyl-3, 5-dimethylpyrrole-2-carboxylate (2.11) 7 
 
 
 
A mixture of benzyl acetoacetate (75.3 g, 392 mmol) and glacial acetic acid (77 mL, 1334 
mmol) was stirred and cooled to 0 °C in an ice bath.  To this cooled mixture, a solution of 
sodium nitrite (27.4 g, 397 mmol) in water (60 mL) was added dropwise over 4 hours 
whilst ensuring that the temperature of the reaction mixture remained below 14 °C.  The 
resultant orange solution was then stirred at room temperature overnight.  This orange 
solution was added dropwise over 1.5 hours to 3-hexyl-pentan-2,4-dione (64.0 g, 347 
mmol) in glacial acetic acid (100  mL) in the presence of zinc dust (75.4 g, 1153 mmol) at 
such a rate that the temperature of the reaction mixture was maintained between 70-80 °C.  
During this addition, the orange reaction mixture changed colour to (i) green, (ii) yellow, 
and finally, (iii) dark green.  Subsequently, the temperature was raised to 100 °C and 
maintained for 45 mins.  
 The reaction mixture was then poured onto an ice/H2O mixture (1 L) resulting in 
precipitation of a yellow solid which was collected by vacuum filtration.  The yellow solid 
was washed with H2O until the filtrate was colourless.  The yellow solid was then dissolved 
in DCM and filtered to remove the residual zinc.  The organic filtrate was dried over Na2SO4 
and the solvent evaporated under reduced pressure to yield a dark orange residue.  This 
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residue was recrystallised from hot MeOH to yield the pure product as a white crystalline 
solid (33.0 g, 30%); m.p. 63-64 °C;  1H NMR (400 MHz, CDCl3) δ 8.51 (1H, s, NH), 7.46-7.31 
(5H, m, Ar-H), 5.30 (2H, s, CO2CH2), 2.35 (2H, t, JHH = 7.0 Hz, hexyl-CH2), 2.30 (3H, s, CH3), 
2.20 (3H, s, CH3), 1.46-1.37 (2H, m, hexyl-CH2), 1.34-1.27 (6H, m, hexyl-CH2), 0.90 (3H, t, JHH 
= 6.9 Hz, hexyl-CH3).  
 
Benzyl-5-acetoxymethyl-4-hexyl-3-methylpyrrole-2-carboxylate (2.12) 7 
 
 
 
Lead (IV) acetate (42.9 g, 96.4 mmol) was slowly added to a solution of benzyl 4-hexyl-3, 5-
dimethylpyrrole-2-carboxylate (29.8 g, 95.1 mmol) dissolved in glacial acetic acid (350 
mL).  This reaction mixture was stirred at room temperature for 3.5 hours after which time 
the solvent was evaporated.  The crude material was re-dissolved in CHCl3 (200 mL), 
washed with water (4 x 200 mL), and dried over Na2SO4 before the solvent was removed 
under reduced pressure.  Recrystallisation of this solid from hot MeOH afforded the prude 
product as a yellow solid (17.5 g, 50%); 1H NMR (400 MHz, CDCl3) δ 8.52 (1H, s, NH), 7.48-
7.32 (5H, m, Ar-H), 5.50 (2H, s, CO2CH2), 5.31 (2H, s, CO2CH2), 2.35 (2H, t, JHH = 7.2 Hz, hexyl-
CH2), 2.20 (3H, s, CH3), 2.05 (3H, s, CH3), 1.46-1.37 (2H, m, hexyl-CH2), 1.34-1.27 (6H, m, 
hexyl-CH2), 0.90 (3H, t, JHH = 6.7 Hz, hexyl-CH3).  Physical data collected is consistent with 
that previously reported. 
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Dibenzyl-3, 3’-dihexyl-4, 4’-methyl-dipyrromethane-5, 5’-dicarboxylate (2.13) 7 
 
 
Benzyl-5-acetoxymethyl-4-hexyl-3-methylpyrrole-2-carboxylate 2.10 (17.5 g, 47.2 mmol) 
was dissolved in MeOH (200 mL).  Concentrated HCl (7.4 mL, 32%) was added to this 
solution, which was subsequently refluxed at 76 °C for 3 hours.  The reaction mixture was 
cooled to room temperature, diluted with H2O (200 mL), and extracted with DCM (3 x 100 
mL).  The organic extracts were combined, dried over NaSO4, and the solvent was removed 
under reduced pressure to yield a crude orange solid.  This solid was recrystallised from 
MeOH to afford the pure product as a golden crystalline solid (10.8 g, 37%); 1H NMR (400 
MHz, CDCl3) δ  8.64 (2H, s, NH), 7.42-7.29 (10H, m, Ar-H), 5.27 (4H, s, CO2CH2), 3.83 (2H, s, 
CH2), 2.36 (4H, t, JHH = 7.6 Hz, hexyl-CH2), 2.29 (6H, s, CH3), 1.44-1.35 (4H, m, hexyl-CH2), 
1.34-1.27 (12H, m, hexyl-CH2), 0.88 (6H, t, JHH =  6.7 Hz, hexyl-CH3).  Physical data collected 
is consistent with that previously reported. 
 
3, 3’-Dihexyl-4, 4’-methyl-dipyrromethane-5, 5’-dicarboxylate (2.14) 7 
 
 
 
Dibenzyl-3, 3’-dihexyl-4, 4’-methyl-dipyrromethane-5, 5’-dicarboxylate (297 mg, 0.49 
mmol) was dissolved in freshly distilled THF (13 mL). TEA (0.280 mL, 2% by volume) and 
palladium on carbon (10% wt/wt, 33 mg) were added and this suspension was degassed 
with argon and then hydrogen.  The reaction mixture was then stirred under an 
atmosphere of hydrogen at room temperature for 2 hours.  The palladium catalyst was 
removed by quick filtration through celite, and the filtrate was immediately evaporated 
under reduced pressure to afford the triethylammonium salt of the dipyrromethane 
dicarboxylate as an off-white solid (207 mg, quantitative yield); m/z (ESI-MS) [M-H]- 
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429.2749 C25H37N2O4 (calc. 429.2753); 1H NMR (400 MHz, CDCl3) δ 11.31 (1 H, bs, CO2H), 
3.85 (2H, s, CH2), 3.08 (6H, q, JHH = 7.3, triethylammonium-CH2), 2.47 (4H, t, JHH = 7.2, hexyl-
CH2), 2.29 (6H, s, CH3), 1.44-1.36 (16H, m, hexyl-CH2), 1.26 (9H, t, JHH = 7.4, 
triethylammonium-CH3), 0.92 (6H, t, JHH = 6.6, hexyl-CH3); 13C NMR (100 MHz, CDCl3) δ 
163.6, 141.9, 121.3, 114.2, 44.8, 31.9, 31.5, 29.6, 24.6, 22.7, 14.1, 10.7, 8.5.  Physical data 
collected is consistent with that previously reported. 
 
Bis-(benzylthioacetate) substituted free base porphyrin (2.15) 1,7,8 
 
 
 
Cold, degassed TFA (7 mL) was added via cannula into a round bottom flask containing 3,3’-
dihexyl-4,4’-methyl-dipyrromethane-5,5’-dicarboxylate (205 mg, 0.477 mmol).  The 
dipyrromethane-TFA mixture was vigorously stirred at 0 °C under argon for 20 minutes, 
before warming to room temperature over 45 minutes.  The decarboxylation was driven 
by continual degassing with argon to remove incipient CO2 (g).  After this time, the solution 
was cooled to -25 °C in an ice/NaCl bath, and cold, degassed solution of 3-(S-
acetylthiomethyl)benzaldehyde (93 mg, 0.48 mmol) in MeOH (7 mL) was added via 
cannula.  The reaction mixture was stirred in the dark under argon for 5 hours at room 
temperature.  Subsequently, 2,3-dichloro-5,6-dicyano-p-benzoquinone (324 mg, 1.43 
mmol) was then added, and the reaction was stirred at room temperature for a further 12 
hours.  TEA (ca. 7 mL) and DCM (150 mL) were then added, and the organic layer was 
washed with H2O (3 x 100 mL), dried over Na2SO4, and the solvent was evaporated.  The 
crude material was passed through a short silica plug using 60% Hexane: 40% EtOAc as the 
eluent to isolate the crude porphyrin material.  Further purification by column 
chromatography using an eluent of 80% Hexane: 20% EtOAc afforded the free base 
porphyrin as a red solid (200 mg, 43%); m/z (ESI-MS) [M+H]+ 1031.6280 C66H87N4O2S2 
(calc. 1031.62650); 1H NMR (400 MHz, CDCl3) δ 10.25 (2H, s, meso-H), 8.04 (2H, s, Ar-H), 
7.96 (2H, d, JHH  = 7.5 Hz, Ar-H), 7.76-7.67 (4H, m, Ar-H), 4.42 (4H, s, CH2-SAc), 4.00 (8H, t, 
JHH  = 7.7, hexyl-CH2), 2.49 (12H, s, CH3), 2.41 (6H, s, SCH3),  2.24-2.17 (8H, m, hexyl-CH2), 
1.79-1.72 (8H, m, hexyl-CH2), 1.54-1.46 (8H, m, hexyl-CH2), 1.43-1.34 (8H, m, hexyl-CH2), 
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0.93 (12H, t, JHH = 7.2 Hz,  hexyl-CH3), -2.43 (s, 2H, NH).  Physical data collected is consistent 
with that previously reported. 
 
Bis-(benzylthioacetate) substituted zinc metallated porphyrin (2.16) 1,7,8 
 
 
 
Bis-(benzylthioacetate) substituted free base porphyrin (200 mg, 0.206 mmol) was 
dissolved in a minimal volume of CHCl3 (3 mL).  Excess zinc (II) acetate (3 mL of a saturated 
solution of Zn(OAc)2 in MeOH) was added to the concentrated porphyrin solution, and the 
reaction mixture was stirred for 2 hours.  The mixture was then diluted with CHCl3 (75 mL), 
washed with H2O (3 x 100 mL), and dried over Na2SO4 before the solvent was evaporated.   
Recrystallisation from pentane and CHCl3 afforded the pure porphyrin as a red crystalline 
solid (214 mg, 95%); m.p. 183-186 °C; m/z (ESI-MS) [M+H]+ 1093.5367 C66H85N4O2S2Zn 
(calc. 1093.5399); 1H NMR (400 MHz, CDCl3) δ 10.21 (2H, s, meso-H), 8.05 (2H, s, Ar-H), 
7.97 (2H, d, JHH  = 7.3 Hz, Ar-H), 7.75-7.67 (4H, m, Ar-H), 4.42 (4H, s, CH2-SAc), 3.99 (8H, t, 
JHH  = 7.9, hexyl-CH2), 2.46 (12H, s, CH3), 2.41 (6H, s, SCH3),  2.24-2.16 (8H, m, hexyl-CH2), 
1.80-1.73 (8H, m, hexyl-CH2), 1.57-1.47 (8H, m, hexyl-CH2), 1.45-1.35 (8H, m, hexyl-CH2), 
0.93 (12H, t, JHH = 7.2 Hz,  hexyl-CH3); 13C NMR (100 MHz, CDCl3) δ 195.1, 147.6, 146.4, 
144.0, 143.6, 138.0, 136.5, 133.7, 132.2, 128.5, 127.8, 118.8, 97.6, 33.8, 33.3, 32.0, 30.3, 30.1, 
26.8, 22.8, 15.4, 14.2. 
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2,7-Bis(2-(2-hydroxyethoxy)ethyl)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-
tetraone (2.17) 10 
 
 
 
1,4,5,8-naphthalene tetracaraboxylic dianhydride (500 mg, 1.86 mmol) and 2-(2-
aminoethoxy)ethanol (457 mg, 4.35 mmol) were suspended in dry DMF (10 mL).  The 
reaction mixture was refluxed at 90 °C under argon for 18 hours.  The reaction mixture was 
cooled in an ice bath at 0 °C to precipitate the pure product as a pink solid (624 mg, 76%); 
m.p. 130-133 °C; m/z (ESI-MS) [M+Na]+ 465.1276 C22H22N2NaO8 (calc. 465.1273); 1H NMR 
(400 MHz, CDCl3) δ 8.80 (4H, s, a-H), 4.50 (4H, t, JHH = 5.4 Hz, CH2), 3.90 (4H, t, JHH = 5.6 Hz, 
OCH2), 3.71-3.67 (8H, m, CH2), 2.22 (2H, t, JHH = 5.8 Hz, OH); 13C NMR (100 MHz, CDCl3) δ 
163.1, 131.2, 126.8, 126.6, 76.7, 72.3, 68.2, 61.8, 40.0. 
 
(((1,3,6,8-tetraoxobenzo[lmn][3,8]phenanthroline-2,7(1H,3H,6H,8H)-diyl)bis 
(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-diyl)bis(4-methylbenzene sulfonate) 
(2.18) 
 
 
 
2,7-Bis(2-(2-hydroxyethoxy)ethyl)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-
tetraone (723 mg, 1.63 mmol), TEA (3.19 g, 31.5 mmol), and DMAP (cat.) were suspended 
in dry DCM (40 mL) and cooled in an ice bath at 0 °C under argon.  A solution of tosyl 
chloride (1.09 g, 5.72 mmol) in DCM (10 mL) was then added dropwise to the reaction 
mixture, which was subsequently stirred at room temperature under argon for 3 days.  This 
solution was then washed with H2O (50 mL), dried over MgSO4, and the solvent removed 
under reduced pressure to afford a crude orange solid.  Purification by column 
chromatography using 2% MeOH: 98% CHCl3 as the eluent yielded the pure product as a 
pale orange solid (1.07 g, 88%); m.p. 140-143 °C; m/z (ESI-MS) [M]+ 750.1568 
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C36H34N2O12S2+ (calc. 750.1553); 1H NMR (400 MHz, CDCl3) δ 8.76 (4H, s, a-H), 7.72 (4H, d, 
JHH = 8.2 Hz, Ar-H),  7.31 (4H, d, JHH = 7.8 Hz, Ar-H), 4.42 (4H, t, JHH = 5.9 Hz, CH2), 4.12 (4H, 
t, JHH = 4.0 Hz, OCH2), 3.82 (4H, t, JHH = 5.9 Hz, OCH2), 3.73 (4H, t, JHH = 4.0 Hz, OCH2), 2.44 
(6H, s, CH3); 13C NMR (100 MHz, CDCl3) δ 162.9, 144.8, 132.9, 131.0, 129.8, 127.9, 126.8, 
126.5, 69.1, 68.2, 67.8, 39.4, 21.6. 
 
S,S'-((((1,3,6,8-Tetraoxobenzo[lmn][3,8]phenanthroline-2,7(1H,3H,6H,8H)-diyl)bis 
(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-diyl)) diethanethioate (2.19) 
 
 
 
(((1,3,6,8-Tetraoxobenzo[lmn][3,8]phenanthroline-2,7(1H,3H,6H,8H)-diyl)bis(ethane-2,1-
diyl))bis(oxy))bis(ethane-2,1-diyl) bis(4-methylbenzenesulfonate) (504 mg, 0.667 mmol) 
was dissolved in dry DMF (4 mL) under argon.  A solution of potassium thioacetate (169 
mg, 1.47 mmol) dissolved in dry DMF (3 mL) was added dropwise and the reaction mixture 
was stirred at room temperature for 62 hours.  The solvent was then removed under 
reduced pressure, and the crude residue was re-dissolved in DCM (300 mL), washed with 
H2O (100 mL), brine (100 mL), and dried over Na2SO4.  The solvent was and the crude 
material was purified by column chromatography using 70% DCM: 15% EtOAc: 15% 
Hexane as the eluent to afford the product as a pale pink solid (316 mg, 95%); m.p. 125-
128 °C; m/z (ESI-MS) [M+Na]+ 581.1032 C26H26N2NaO8S2+ (calc. 581.1028); 1H NMR (400 
MHz, CDCl3) δ 8.80 (4H, s, Ar-H), 4.47 (4H, t, JHH = 5.9 Hz, CH2), 3.84 (4H, t, JHH = 5.9 Hz, 
OCH2), 3.65 (4H, t, JHH = 6.3 Hz, OCH2), 3.05 (4H, t, JHH = 6.3 Hz, SCH2), 2.25 (6H, s, SCH3);  13C 
NMR (100 MHz, CDCl3) δ 195.4, 162.9, 131.0, 126.8, 126.6, 69.2, 67.5, 39.6, 30.5, 28.9. 
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Naphthalene diimide disulfide [2]catenane (2.27) 
 
 
 
Naphthalene diimide dithiol 2.3 (35 mg, 0.074 mmol) and dinaphtho-38-crown-10 ether 
2.4 (23 mg, 0.036 mmol) were dissolved in CHCl3 (20 mL).  DBU (11 μL, 0.074 mmol) was 
added to the red solution which was stirred at room temperature under air for 14 days.  
The solution was then washed with H2O (20 mL), dried over Na2SO4, and the solvent was 
evaporated to yield a crude red solid.  Purification of this crude material by column 
chromatography using 30% EtOAc: 70% DCM as the eluent afforded the desired 
[2]catenane as a red solid (13 mg, 21%); m.p. >280 °C (decomp.); m/z (ESI-MS) [M+Na]+ 
1603.4288 C80H84N4NaO22S4+ (calc. 1603.4352); 1H NMR (400 MHz, CDCl3) δ 8.63 (8H, bs, 
a-H), 7.73 (2H, d, JHH = 8.2 Hz, α-H), 7.53 (2H, d, JHH = 8.2 Hz, α-H), 7.12 (2H, t, JHH = 7.9 Hz, 
β-H), 7.01 (2H, t, JHH = 7.9 Hz, β-H), 6.44 (2H, d, JHH = 8.1 Hz, γ-H),  4.48-4.35 (8H, m, CH2), 
4.06-3.96 (8H, m, OCH2), 3.95-3.71 (40 H, m, OCH2), 2.91-2.78 (8H, m, SCH2). 
 
Naphthalene diimide disulfide [2]rotaxane (2.28) 
 
 
 
 
 
1,5-Dialkoxynaphthalene dithiol 2.1 (50 mg, 0.14 mmol) and naphthalene diimide 
dumbbell 2.5 (107 mg, 0.068 mmol) were dissolved in CHCl3 (41 mL).  DBU (20 μL, 0.14 
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mmol) was added to orange solution which was stirred at room temperature under air for 
14 days.  During this time the solution became a dark pink colour.  The solution was then 
washed with H2O (40 mL), dried over Na2SO4, and the solvent was evaporated to yield a 
crude dark pink solid.  Purification of this crude material by column chromatography using 
25% EtOAc: 75% DCM as the eluent afforded the desired rotaxane as a pale red solid (33 
mg, 21%); m.p. 178-181 °C; m/z (ESI-MS) [M+Na]+ 2332.0458 C138H156N8NaO16S4+ (calc. 
2332.04198); 1H NMR (400 MHz, CDCl3) δ 8.57 (4H, s, a-H), 7.86 (2H, s,  c-H), 7.75 (4H, d, 
JHH = 8.2 Hz, γ-H), 7.39-7.31 (12H, d, JHH = 8.0 Hz,  Ar-H), 7.24 (4H, t, JHH = 7.9 Hz, β-H), 7.12-
7.03 (16H, m, Ar-H), 6.76 (4H, d, JHH = 8.0 Hz,  Ar-H), 6.59 (4H, d, JHH = 8.1 Hz, α-H), 4.95 (4H, 
s, CH2), 4.54-4.52 (4H, m, CH2), 4.32 (8H, t, JHH = 4.8 Hz, OCH2), 4.09-3.99 (12H, m, OCH2), 
3.93-3.89 (4H, m, OCH2), 3.81-3.77 (12H, m, OCH2), 3.21-3.16 (8H, m, SCH2), 1.31 (54H, s, 
CH3). 
 
Dinaphtho-38-crown-10 ether (2.4) 6 
 
 
 
A solution of 1,5-dihydroxy naphthalene (0.810 g, 5.05 mmol) and (((((((Naphthalene-1,5-
diylbis(oxy))bis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-iyl))bis(oxy))bis(ethane-2,1-
diyl))bis(oxy))bis(ethane-2,1-diyl)bis(4-methylbenzene sulfonate)6 (3.94, 4.80 mmol) 
dissolved in dry acetone (200 mL) was added dropwise over 3 hours to a refluxing 
suspension of K2CO3 (84.0 g, 612 mmol) in dry acetone (1000 mL).  The reaction was 
refluxed for a further 72 hours, after which time the mixture was cooled, filtered, and 
washed with CHCl3 (100 mL). The solvent was evaporated from the filtrate and the residue 
was partitioned between H2O (200 mL) and CHCl3 (200 mL).  The organic layer was 
separated and the aqueous layer was extracted with CHCl3 (2 x 150 mL). The combined 
organic extracts were then dried over Na2SO4 and the solvent was evaporated to yield a 
crude brown oil, which was purified by column chromatography using 69% Et2O: 30% 
CHCl3: 1% MeOH as the eluent to give a crude yellow solid. This solid was recrystallised 
from DCM: MeOH (1:6) to afford the pure product as a white solid (1.60 g, 47%); m.p. 126-
128 °C; m/z (ESI-MS) [M+Na]+ 659.2825 C36H44NaO10+ (calc. 659.2827); 1H NMR (400 MHz, 
Chapter 5:  Experimental Methods 
 
100 
 
CDCl3):  δ 7.79 (d, 4H, JHH = 8.2 Hz, γ-H), 7.19 (t, 4H, JHH = 7.9 Hz, β-H), 6.50 (d, 4H, JHH = 8.1 
Hz, α-H), 4.09-4.07 (m, 8H, OCH2), 3.96-3.93 (m, 8H, OCH2), 3.80-3.75 (m, 16H, OCH2); 13C 
NMR (100 MHz, CDCl3) δ154.2, 126.6, 125.0, 114.5, 105.5, 70.9, 69.7, 67.8. 
 
 
Naphthalene diimide dumbbell (2.5) 3 
 
 
 
Naphthalene diimide bis-alkyne 3.9 (807 mg, 2.36 mmol), Cu(MeCN)4PF6 (87.3 mg, 0.234 
mmol),  and DIPEA were suspended in dry, degassed toluene (20 mL).  Stopper azide 3.7 
(488 mg, 0.790 mmol) dissolved in dry, degassed toluene (20 mL) was slowly added 
dropwise to the reaction mixture, which was then stirred under argon at room temperature 
for 4 days.  The reaction mixture was then diluted with H2O (60 mL) and extracted with 
DCM (2 x 50 mL).  The organic extracts were combined, dried over Na2SO4, and the solvent 
was evaporated to yield a crude orange solid.  Purification by column chromatography 
using 2% MeOH: 98% DCM as the eluent afforded the di-stoppered naphthalene diimide 
thread as a cream solid (856 mg, 70%); m.p. 204-207 °C; m/z (ESI-MS) [M+Na]+ 1600.8475 
C102H113N8NaO8+ (calc. 1600.85344); 1H NMR (400 MHz, CDCl3) δ 8.73 (4H, s, a-H), 7.86 (2H, 
s, c-H), 7.26-7.23 (12H, m, Ar-H), 7.14-7.09 (16H, m, Ar-H) 6.80 (4H, d, JHH = 8.0 Hz,  Ar-H), 
5.49 (4H, s, CH2), 4.53 (4H, t, JHH = 5.2 Hz, CH2), 4.08 (4H, t, JHH = 4.8 Hz, OCH2), 3.92 (4H, t, 
JHH = 5.2 Hz, OCH2), 3.79 (4H, t, JHH = 4.8 Hz, OCH2), 1.31 (54H, s, CH3); 13C NMR (100 MHz, 
CDCl3) δ 162.4, 156.4, 148.5, 144.1, 142.7, 140.1, 132.4, 131.2, 130.7, 126.8, 136.6, 124.5, 
124.1, 113.1, 69.9, 69.6, 67.2, 63.1, 50.3, 35.4, 34.3, 31.4. 
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p-Toluenesulfonic acid but-3-ynyl ester (3.3) 11 
 
 
 
DMAP (26 mg, 0.21 mmol) and TEA (2.54 g, 3.50 mL, 25.1 mmol) were added to a solution 
of 3-butyn-1-ol (1.48 g, 21.1 mmol) in dry DCM (20 mL) under argon, and the reaction 
mixture was cooled in an ice bath at 0 °C.  A solution of tosyl chloride (4.87 g, 25.5 mmol) 
dissolved in dry DCM (10 mL) was added dropwise to the reaction mixture, which was 
subsequently stirred for 60 minutes at 0 °C and a further 48 hours at room temperature.  
The reaction mixture was then quenched by adding 1M HCl (5 mL) diluted with H2O (50 
mL) before it was extracted with DCM (3 x 50 mL).  The organic extracts were combined, 
washed with NaHCO3 (2 x 50 mL), brine (1 x 50 mL), dried over Na2SO4, and evaporated to 
afford the pure product as a pale orange oil (4.97 g, 93 %); 1H NMR (400 MHz, CDCl3) δ 
7.93 (2H, d, JHH = 8.0 Hz, Ar-H), 7.42 (2H, d,  JHH = 8.0 Hz), 4.12 (2H, t, JHH = 7.2 Hz, CH2), 2.55-
2.59 (2H, td, JHH = 7.2, 2.8 Hz, CH2), 2.47 (3H, s, CH3), 1.65 (1H, t, JHH = 2.8 Hz, CH); 13C NMR 
(100 MHz, CDCl3) δ 145.1, 132.8, 129.9, 127.9, 78.4, 70.8, 67.5, 21.6, 19.4.  
 
 
Bipyridinium bis-alkyne (3.4) 2 
 
 
 
4, 4’-Bipyridine (0.440 g, 2.80 mmol) and p-toluenesulfonic acid but-3-ynyl ester 3.3  (2.80 
g, 11.0 mmol) were dissolved in dry MeCN (15 mL).  This solution was degassed with argon 
and heated at 150 °C for 2 hours in a microwave reactor.  Cooling the reaction mixture in 
an ice bath resulted in the precipitation of a brown solid, which was collected by filtration 
and washed with cold MeCN (5 mL).  This solid was re-dissolved in a minimal volume of 
MeCN: H2O (1:3) and saturated NH4PF6 (aq) was added dropwise to precipitate the pure 
product as a pale brown solid (1.10 g, 71%); 1H NMR (400 MHz, CDCl3) δ 9.55 (4 H, d, JHH = 
6.8 Hz, a-H), 8.97 (4H, d, JHH = 6.8 Hz, b-H), 5.18 (4H, t, JHH = 6.8 Hz, CH2), 3.20-3.24 (4H, td, 
JHH = 6.8, 2.8 Hz, CH2), 2.74 (2H, t, JHH = 2.8 Hz, CH); 13C NMR (100 MHz, CDCl3) δ 150.6, 146.4, 
127.3, 78.1, 74.1, 60.2, 20.7.  
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Mono-stoppered bipyridinium thread (3.6)   
 
 
TBTA (0.21 g,0.40 mmol), bipyridinium alkyne 3.4 (2.2 g, 4.0 mmol), and Cu(MeCN)4PF6 
(0.15 g, 0.39 mmol) were dissolved in dry acetone (90 mL).  Stopper azide 3.5 (0.61 g, 0.99 
mmol) dissolved in dry acetone (100 mL) was then added dropwise over a period of 60 
minutes.  The reaction mixture was stirred under argon at room temperature for 48 hours, 
before the solvent was removed in vacuo.  The crude product was purified by RP MPLC 
using a gradient of 100% H2O to 100% MeCN over 40 minutes to give the pure product as 
a pale brown solid (0.66 g, 76%); m.p. 246–248 °C; m/z (ESI-MS) [M]2+ 440.2766 
C59H70N5O2 (calc. 440.2759); 1H NMR (400 MHz, Acetone-d6) δ 9.44 (4H, d, JHH = 5.6 Hz, b-
H), 8.82 (4H, d, JHH = 4.0 Hz, a-H),7.89 (1H, s, c-H), 7.34 (6H, d, JHH = 8.0 Hz, Ar-H), 7.17–7.13 
(8H, m, Ar-H), 6.83 (2H, d, JHH = 8.0 Hz, Ar-H), 5.29 (2H, m, CH2), 5.15 (2H, m, CH2), 4.59 (2H, 
t, JHH = 5.0 Hz, CH2), 4.08 (2H, t, JHH = 4.0 Hz, CH2), 3.94 (2H, t, JHH = 5.0 Hz, OCH2), 3.82 (2H, 
t, JHH = 4.0 Hz, OCH2), 3.62 (2H, m, CH2), 3.19 (2H, m, CH2), 2.72 (1H, s, CH), 1.31 (27H, s, 
CH3); 13C NMR (100 MHz, Acetone-d6) δ 156.7, 150.3, 149.9, 148.3, 146.3, 144.3, 139.6, 
131.9, 130.4, 127.0, 126.9, 124.2, 123.6, 113.2, 78.1, 74.1, 69.2, 69.1, 67.1, 63.0, 61.3, 60.1, 
49.7, 33.9, 30.7, 29.5, 26.9, 20.7. 
 
 
Unsymmetrical naphthalene diimide (3.10)   
 
 
 
Napthalene-1,4,5,8-tetracarboxylic acid dianhydride (490 mg, 1.8 mmol) was dissolved in 
dry, degassed DMF (2 mL).  A solution of 5-amino-1-pentanol (200 mg, 1.9 mmol) and 
propargyl amine (200 mg, 1.9 mmol) dissolved in dry, degassed DMF (3 mL) was added 
dropwise under argon.  The reaction mixture was stirred under argon at 120 °C for 2 hours.  
The solvent was evaporated under reduced pressure to yield a crude purple solid which 
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was purified by column chromatography using 20% EtOAc: 80% DCM as the eluent to give 
the pure product as a cream solid (230 mg, 32%); m.p 206-208 °C; m/z (ESI-MS) [M]+ 
390.1247 C22H18N2O5 (calc. 390.1215); 1H NMR (400 MHz, CDCl3) δ 8.81 (4H, d, JHH = 8.0 Hz,  
a-H), 5.00 (2H, s, CH2), 4.24 (2H, t, JHH = 7.4 Hz, CH2), 3.69 (2H, m, CH2), 2.25 (1H, s, OH), 1.81 
(2H, m, CH2), 1.68 (2H, m, CH2), 1.55 (2H, m, CH2), 1.31 (1H, s, CH); 13C NMR (100 MHz, 
CDCl3) δ 162.7, 162.0, 131.3, 131.0, 126.9, 126.7, 126.2, 77.8, 77.2, 71.2, 62.7, 40.8, 32.3, 
29.8, 27.8, 23.2. 
 
 
Mono-stoppered naphthalene diimide thread (3.12)  
 
 
 
Unsymmetrical naphthalene diimide thread 3.10 (80 mg, 0.21 mmol), 4-(tris(4-(tert-
butyl)phenyl)methyl)phenol 3.11 (103 mg, 0.21 mmol), and PPh3 (82 mg, 0.31 mmol) were 
dissolved in dry, degassed CHCl3 (8 mL).  Di-tert-butyl azodicarboxylate (105 mg, 0.46 
mmol) in dry, degassed CHCl3 (3 mL) was then added dropwise at 0 ˚C and the reaction 
mixture was left to stir under argon at room temperature for 50 hours.  The reaction 
mixture was then filtered through a short plug of silica and the filtrate evaporated.  The 
crude material was purified by column chromatography using 100% CHCl3 to 80% CHCl3: 
20% EtOAc as the eluent followed by recrystallisation from CHCl3 and MeOH (1:5) to give 
the pure product as a cream solid (110 mg, 61%); m.p 275-277 °C; m/z (ESI-MS) [M]+ 
876.4587 C59H60N2O5 (calc. 876.4502); 1H NMR (400 MHz, CDCl3) δ 8.81 (4H, d, JHH = 8.0 Hz,  
a-H), 7.24 (6H, d, JHH = 8.0 Hz, Ar-H), 7.10-7.09 (8H, m, Ar-H), 6.76-6.74 (2H, d, JHH = 8.0 Hz, 
Ar-H), 5.00 (2H, s, CH2), 4.25 (2H, t, JHH = 7.4 Hz, CH2), 3.97 (2H, m, OCH2),  1.85 (2H, m, CH2), 
1.64 (2H, m, CH2), 1.53 (2H, m, CH2), 1.31 (28 H, s, CH and CH3); 13C NMR (100 MHz, CDCl3) 
δ 162.7, 162.0, 156.7, 148.2, 144.1, 139.4, 132.1, 131.3, 131.0, 130.6, 126.9, 126.7, 126.2, 
124.0, 112.8, 77.8, 77.2, 71.2, 67.3, 63.0, 40.8, 34.2, 31.3, 29.8, 29.0, 27.8, 23.7. 
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Bipyridinium dumbbell  (3.13)  
 
 
 
Under an argon atmosphere, mono-stoppered bipyridinium thread 3.6 (31 mg, 0.035 
mmol), stopper azide 3.5 (21 mg, 0.034 mmol), and TBTA (cat.) were dissolved in dry 
degassed acetone (20 mL).  Cu(MeCN)4PF6 (cat.) was added and the reaction mixture was 
then stirred at room temperature for 12 days.  The solvent was removed under reduced 
pressure.  The solid residue was re-dissolved in DCM (50 mL), washed with H2O (3 x 50 
mL), brine (3 x 25 mL), NaHCO3 (3 x 25 mL) and H2O (50 mL).  The organic layers were 
dried over Na2SO4 and the solvent was evaporated to afford the product as a cream solid 
(41 mg, 80%); m.p. 225-227 °C; m/z (ESI-MS) [M-2PF6]2+ 748.9756 C100H120N8O42+ (calc. 
748.9727); 1H NMR (400 MHz, CDCl3) δ 8.67 (4H, bs, a-H), 8.13 (4H, bs, b-H), 7.64 (2H, s, c-
CH), 7.21 (12H, d, JHH = 8.0 Hz, Ar-H), 7.11-7.00 (16H, m, Ar-H), 6.67 (4H, d, JHH = 8.0 Hz, Ar-
H), 4.90 (4H, m, CH2), 4.45 (4H, m, CH2), 3.99 (4H, m, OCH2), 3.87 (4H, m, OCH2), 3.74 (4H, 
m, OCH2), 3.37 (4H, m, OCH2), 1.59 (54H, s, CH3);  13C NMR (100 MHz, CDCl3) δ 156.9, 150.4, 
148.3, 144.6, 144.0, 139.3, 130.6, 128.8, 127.8, 124.1, 122.9, 121.5, 113.0, 69.7, 69.3 69.2, 
64.1, 53.5, 52.4, 34.2, 31.4, 30.2. 
 
 
Unsymmetrical naphthalene diimide dumbbell (3.14)   
 
 
 
Under an argon atmosphere, mono-stoppered naphthalene diimide thread 3.12 (30 mg, 
0.034 mmol) and TBTA (cat) were dissolved in a dry, degassed mixture of 5% MeOH: 95% 
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CHCl3 (3.0 mL).  Cu(MeCN)4PF6 (cat) followed by stopper azide 3.5 (22 mg, 0.036 mmol) 
were added to the yellow reaction mixture, which was then stirred under argon at room 
temperature for 32 hours.  The solvent was then evaporated under reduced pressure and 
the residue was purified by column chromatography using 20 % EtOAc: 80 % DCM as the 
eluent.  Recrystallisation from CHCl3 and methanol (1: 8) afforded the pure product as a 
pale yellow solid (40 mg, 79%); m.p. 188-191 °C; m/z (ESI-MS) [M+H]+ 1495.8601 
C100H111N5O7 (calc. 1495.8595); 1H NMR (400 MHz, CDCl3) δ 8.75 (4H, d, JHH = 3.1 Hz,  a-H), 
7.88 (1H, s,  c-H), 7.24 (12H, dd, JHH = 8.2, 2.0 Hz,  Ar-H), 7.15-7.07 (16H, m, Ar-H), 6.81 (2H, 
d, JHH = 8.6 Hz, Ar-H), 6.76 (2H, d, JHH = 8.6 Hz, Ar-H), 5.50 (2H, s, CH2), 4.54 (2H, t, JHH = 4.8 
Hz, CH2), 4.24 (2H, t, JHH = 7.4 Hz, CH2), 4.08 (2H, t, JHH = 4.4 Hz, OCH2), 3.97 (2H, m, JHH = 6.2 
Hz, OCH2), 3.93 (2H, t, JHH = 6.4 Hz, OCH2), 3.79 (2H, t, JHH = 4.4 Hz, OCH2), 1.89-1.82 (4H, m, 
CH2),1.66-1.59 (2H, m, CH2), 1.31 (54H, s, CH3); 13C NMR δ 162.8, 162.5, 156.8, 148.3, 148.2, 
144.1, 144.0, 142.6, 132.3, 132.2, 131.2, 130.9, 130.7, 126.7, 126.5, 124.6, 124.6, 124.0, 
123.9, 113.0, 112.9, 69.8, 69.6, 67.4, 66.9, 50.3, 35.5, 34.3, 31.4, 29.0, 27.8.  
 
Bipyridinium [2]rotaxane (3.15)   
 
 
 
 
Mono-stoppered bipyridinium thread 3.6 (50 mg, 0.057 mmol), dinaphtho-38-crown-10 
2.4 (185 mg, 0.29 mmol), TBTA (3 mg, 0.006 mmol) and Cu(MeCN)4PF6 (2 mg, 0.006 mmol) 
were dissolved in a dry, degassed mixture of 5% MeOH : 95% CHCl3 (5 mL). The stopper 
azide 3.5 (35 mg, 0.057 mmol) was then added and the reaction mixture was stirred under 
argon at room temperature for 4 days. After this time the solvent was evaporated and the 
residue purified by column chromatography using 5% MeOH: 95% CHCl3 as the eluent to 
give the desired rotaxane as an orange solid (50 mg, 36%); m.p 223-225 °C; m/z (ESI-MS) 
[M-PF6-]+ 1066.6174 C136H164F12N8O14P2 (calc. 1066.6184); 1H NMR (400 MHz, CDCl3) δ 8.56 
(4H, d, JHH = 8.0 Hz,  b-H), 7.98, (2H, s, c-H), 7.21 (12H, d, JHH = 8.0 Hz, Ar-H), 7.11-7.00 (24H, 
m, γ-H, Ar-H and β-H), 6.96 (4H, d, JHH = 8.0 Hz, a-H), 6.79 (4H, d, JHH = 8.0 Hz, Ar-H), 6.51(4H, 
d, JHH = 8.0 Hz, α-H), 5.01 (4H, m, CH2), 4.62 (4H, t, JHH = 4.0 Hz, CH2), 4.12 (4H, m, OCH2), 
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3.99 (2H, m, OCH2), 3.92-3.87 (36H, m, OCH2), 3.53 (4H, m, CH2), 1.30 (54H, s, CH3); 13C NMR 
(100 MHz, CDCl3) δ 156.3, 153.0, , 148.2, 144.4, 144.0, 143.9, 141.2, 139.8, 132.2, 130.6, 
126.0, 125.3, 124.0, 123.9, 123.5, 113.7, 113.0, 105.8, 77.2, 71.1, 71.0, 70.1, 69.6, 69.3, 67.9, 
67.2, 63.0, 60.5, 50.2, 34.2, 31.3, 27.3. 
 
 
Naphthalene diimide [2]rotaxane (3.16) 
 
 
 
 
 
Mono-stoppered naphthalene diimide thread 3.12 (50 mg, 0.055 mmol) and dinaphtho-38-
crown-10 2.4 (180 mg, 0.28 mmol) were dissolved in a dry, degassed mixture of 5 % MeOH: 
95 % CHCl3 (6 mL). A solution of Cu(MeCN)4PF6 (2 mg, 0.006 mmol) and TBTA (3 mg, 0.006 
mmol) dissolved in a dry, degassed mixture of 5 % MeOH: 95 % CHCl3 (0.2 mL) was added 
to the reaction mixture, followed by a solution of stopper azide 3.5 (34 mg, 0.056 mmol) 
dissolved in dry, degassed 5% MeOH : 95% CHCl3 (0.6 mL). The reaction mixture was then 
stirred under argon at room temperature for 4 days. After this time the solvent was 
evaporated and the crude material was purified by column chromatography using 50% 
EtOAc: 50% hexane to 100 % EtOAc as the eluent to give the desired rotaxane as a red solid 
(39 mg, 33%); m.p 166-168 °C; m/z (ESI-MS) [M]+ C136H155N5O7 2130.1467 (calc. 
2130.1418); 1H NMR (400 MHz, CDCl3) δ 8.28 (4H, d, JHH = 4.0 Hz,  a-H), 8.09 (1H, s,  c-H), 
7.23 (12H, d, JHH = 8.0 Hz,  Ar-H), 7.09-7.06 (16H, m, Ar-H), 6.84-6.80 (6H, m, γ-H and Ar-H), 
6.73(2H, d, JHH = 8.0 Hz,  Ar-H), 6.43 (4H, t, JHH = 8.0 Hz, β-H), 5.98 (4H, d, JHH = 8.0 Hz, α-H), 
5.41 (2H, s, CH2), 4.64(4H, m, CH2), 4.08 (4H, m, OCH2), 4.00 (12H, m, OCH2), 3.91-3.86 (26H, 
m, OCH2), 3.77 (4H, m, OCH2), 2.05-1.94 (4H, m, CH2), 1.31 (54H, s, CH3); 13C NMR (100 MHz, 
CDCl3)  δ 162.9, 162.6, 156.8, 156.2, 154.1, 152.8, 148.2, 148.2, 144.1, 144.0, 139.8, 139.4, 
132.2, 130.6, 130.6, 130.4, 126.5, 124.9, 124.6, 124.0, 123.9, 123.4, 114.4, 114.0, 112.9, 
112.9, 105.4, 103.3, 71.3, 71.1, 70.9, 69.8, 69.7, 67.7, 67.2, 66.8, 62.9, 34.2, 34.2, 33.8, 31.8, 
31.3, 29.6, 29.4, 29.3, 29.2, 29.1, 27.8, 24.1, 22.6, 14.1. 
Chapter 5:  Experimental Methods 
 
107 
 
Tosyl functionalised Tentagel polystyrene resin beads (3.17)  
 
 
 
 
 
Under argon TentaGel-OH beads (103 mg, 0.43 mmol g−1 OH loading), tosyl chloride (103 
mg, 0.54 mmol) and a catalytic amount of 4-dimethylaminopyridine were suspended in dry 
DCM (3 mL).  To this mixture, TEA (100 μL) was added and the reaction was left for one 
week with occasional stirring.  After this time the beads were filtered and washed 
sequentially with DCM and hexane several times (5 × 5 mL each), followed by a final wash 
with acetone (5 mL), water (5 mL) and acetone (5 mL). The resulting off white beads were 
dried in vacuo.  
 
 
Azide functionalised Tentagel polystyrene resin beads (3.18)   
 
 
 
 
 
The tosyl functionalised Tentagel beads 3.17 were suspended in H2O (3 mL) and sodium 
azide (351 mg, 5.4 mmol) was then added.  The reaction mixture was left for one week with 
occasional stirring, before the beads were filtered, washed with H2O (10 x 5 mL), acetone 
(5 mL), and sequential rinsing with DCM and hexane (5 x 5 mL each). The off white beads 
were then dried in vacuo.  
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Bipyridinium functionalised TentaGel resin beads (3.19)   
 
 
 
 
A solution of mono-stoppered bipyridinium thread 3.6 (250 mg, 0.28 mmol) dissolved in 
dry, degassed acetone (2 mL) was added to a round bottomed flask containing the azide 
functionalised TentaGel resins 3.18 (40 mg) under argon.  TBTA (15 mg, 0.029 mmol) and 
Cu(MeCN)4PF6 (10 mg, 0.029 mmol) dissolved in dry, degassed acetone (1 mL) was then 
added to the beads and the reaction was kept under argon at room temperature for 7 days.  
The beads were collected by filtration and washed with acetone (10 mL), water (10 mL), 
sat. NH4Cl (10 mL), DCM (10 mL), and hexane (10 mL).  The off white beads were then dried 
under vacuum.  1H HR MAS NMR (400 MHz, CDCl3) δ 8.93 (4H, br m, b-H), 8.38 (4H, br m, 
a-H), 7.68 (2H, br s, c-H), 7.22–7.20 (6H, m, Ar-H), 7.08–7.06 (8H, m, Ar-H), 6.72–6.70 (2H, 
m, Ar-H), 5.01 (2H, br m, CH2), 4.47 (4H, br m, CH2), 4.02 (2H, br m, CH2), 3.88 (2H, m, 
OCH2), 3.76 (4H, br m, OCH2), 2.74 (2H, m, CH2), 1.29 (27H, s, CH3). 
  
 
Naphthalene diimide functionalised TetaGel resin beads (3.20)   
 
 
 
 
 
A solution of mono-stoppered naphthalene diimide thread 3.12 (253 mg, 0.29 mmol) 
dissolved in dry, degassed 5 % MeOH: 95 % CHCl3 (2 mL) was added to a round bottomed 
flask containing the azide functionalised TentaGel resins 3.18 (53 mg) under argon.  A 
solution of TBTA (15 mg, 0.029 mmol) and Cu(MeCN)4PF6 (10 mg, 0.029 mmol) dissolved 
in dry, degassed 5 % MeOH: 95 % CHCl3 (1 mL) was then added to the beads, and the 
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reaction mixture was kept under argon at room temperature for 7 days.  The beads were 
collected by filtration and washed with CHCl3 (10 mL), acetone (10 mL), H2O (10 mL), sat. 
NH4Cl (10 mL), DCM (10 mL), and hexane (10 mL) to give the pale yellow diimide 
functionalised beads, which were dried under vacuum. 1H HR MAS NMR (400 MHz, CDCl3) 
δ 8.73 (4H, m, a-H), 7.78 (1H, br s,  c-H), 7.22 (6H, br m, Ar-H), 7.08 (8H, br m, Ar-H), 6.72 
(2H, m, Ar-H), 5.50 (2H, br s, CH2), 4.50 (2H, br m, CH2), 4.21 (2H, m, OCH2), 2.75 (2H, m, 
CH2), 1.63 (4H, m, CH2), 1.29 (27 H, s, CH3). 
 
 
Bead-tethered bipyridinium [2]rotaxane (3.1)   
 
 
 
 
 
A solution of mono-stoppered bipyridinium thread 3.6 (254 mg, 0.29 mmol) and 
dinaphtho-38-crown-10 2.4 (915 mg, 1.4 mmol) dissolved in dry, degassed 5 % MeOH: 95 
% CHCl3 (3 mL) was added to a round bottomed flask containing the azide functionalised 
TentaGel resins 3.18 (49 mg) under argon.  TBTA (15 mg, 0.029 mmol) and Cu(MeCN)4PF6 
(10 mg, 0.028 mmol) dissolved in dry, degassed 5 % MeOH: 95 % CHCl3 (0.5 mL) were then 
added and the reaction mixture was kept under argon at room temperature for 7 days.  The 
beads were collected by filtration and washed with acetone (10 mL), H2O (10 mL), sat. 
NH4Cl (10 mL), DCM (10 mL), and hexane (10 mL).  The resulting orange beads were dried 
in vacuo.   1H HR MAS NMR (400 MHz, CDCl3) δ 9.21 (m, b-H), 8.60 (m, a-H), 8.19 (m,  b-H), 
7.68 (br s,  c-H), 7.22 (m, Ar-H), 7.08(m, γ-H and Ar-H), 6.78 (m, a-H), 6.70 (m, Ar-H), 6.56 
(m, α-H), 5.15 (m, CH2), 4.61 (m, CH2), 4.48 (m, CH2), 4.19 (m, CH2), 4.00 (m, CH2), 3.96 (m, 
CH2), 3.85 (m, OCH2), 3.50 (m, OCH2), 3.40 (m, OCH2), 2.83 (m, CH2), 2.25 (m, CH2), 1.30 (s, 
CH3).  Note: The characteristic crown-complexed proton peak assignments are highlighted 
in bold. 
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Bead-tethered naphthalene diimide [2]rotaxane (3.2) 
 
 
 
 
 
A solution of mono-stoppered naphthalene diimide thread 3.12 (250 mg, 0.29 mmol) and 
dinaphtho-38-crown-10 2.4  (907 mg, 1.4 mmol) dissolved in dry, degassed 5 % MeOH: 95 
% CHCl3 (4 mL) was added to a round bottomed flask containing the azide functionalised 
TentaGel resins 3.18 (52 mg) under argon.  TBTA (15 mg, 0.029 mmol) and Cu(MeCN)4PF6 
(10 mg, 0.029 mmol) dissolved in dry, degassed 5 % MeOH: 95 % CHCl3 (0.5 mL) were then 
added and the reaction mixture was kept under argon at room temperature for 7 days.  The 
beads were collected by filtration and washed with CHCl3 (10 mL), acetone (10 mL), water 
(10 mL), sat. NH4Cl (10 mL), DCM (10 mL), and hexane (10 mL).  The resulting red beads 
were dried under vacuum. 1H HR MAS NMR (400 MHz, CDCl3) δ 8.70 (m, a-H), 8.21 (m, a-
H), 7.78 (br s,c-H), 7.22 (br m, Ar-H), 7.08 (br m, Ar-H), 6.81 (m, γ-H), 6.73 (m, Ar-H), 6.36 
(m, β-H), 5.89 (m, α-H), 5.50 (br m, CH2), 5.15 (m, CH2), 4.66 (m, CH2), 4.51 (m, CH2), 4.20 
(m, OCH2), 4.07 (m, CH2), 3.93 (m, OCH2), 3.84 (m, OCH2), 3.47 (m, OCH2), 3.33 (m, OCH2), 
2.76 (m, CH2), 2.30 (m, CH2),  1.60 (m, CH2), 1.29 (s, CH3).  Note: The characteristic crown-
complexed proton peak assignments are highlighted in bold. 
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Bead-tethered naphthalene diimide disulfiide [2]rotaxane (3.21) 
 
 
 
A solution of 1,5-dialkoxynaphthalene dithiol 2.1 (20 mg, 0.054 mmol) dissolved in CHCl3 
(16 mL) was added to a round bottom flask containing naphthalene diimide functionalised 
TetaGel resin beads 3.20 (26 mg, 0.027 mmol).  DBU (8.1 μL, 0.054 mmol) was then added 
and the reaction mixture was kept under air at room temperature for 14 days.  The beads 
weree collected by filtration and washed with CHCl3 (10 mL), acetone (10 mL), water (10 
mL), CH2Cl2 (10 mL), and hexane (10 mL).  The resulting red beads were dried under 
vacuum.   
 
 
Tris(4-(tert-butyl)phenyl)methanol 5 
 
 
Magnesium turnings (3.0 g, 123 mmol) were placed in a three-neck 500 mL round-bottom 
flask, which was fitted with a reflux condenser, and gently heated in the presence of iodine.  
Anhydrous THF (30 mL) was then added to the turnings.  To this mixture, 1-bromo-4-(tert-
butyl)benzene (10 g, 47 mmol) was slowly added to initiate the reaction.  A solution of 1-
bromo-4-(tert-butyl)benzene (15 g, 70 mmol) dissolved in anhydrous THF (15 mL) was 
then added dropwise to maintain a steady reflux.  After complete addition, the reaction 
mixture was refluxed for a further 45 minutes.  The reaction mixture was then cooled in an 
ice bath, and slowly a solution of diethyl carbonate (5.5 g, 47 mmol) in dry THF (80 mL) 
was added.  The reaction mixture was subsequently stirred at room temperature for 2 
hours. The reaction was quenched by the addition of concentrated H2SO4 (3 mL) mixed in 
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crushed ice, and then filtered to remove any precipitated Mg(OH)2.  The reaction mixture 
was extracted with CHCl3 (3 x 100 mL), and the combined organic extracts were washed 
with H2O (3 x 100 mL), dried over Na2SO4, and the solvent was removed.  Trituration of the 
crude residue with hexane afforded the pure product as a white crystalline solid (7.0 g, 
35%); m.p. 211-213°C; 1H NMR (400 MHz, CDCl3) 7.33 (6H, d, JHH = 8.0 Hz, Ar-H), 7.21 (6H, 
d, JHH = 8.0 Hz, Ar-H), 2.75 (1H, s, OH), 1.33 (27H, s, CH3); 13C NMR (100 MHz, CDCl3) δ 149.9, 
144.2, 127.6, 124.7, 86.5, 34.5, 31.4. 
 
4-(Tris(4-(tert-butyl)phenyl)methyl)phenol (3.11) 5 
 
 
Tris(4-(tert-butyl)phenyl)methanol (8.3 g, 19 mmol) was dissovled in dry toluene (13 mL).  
Acetyl chloride (7.7 g, 98 mmol) was then added and the reaction mixture was refluxed for 
16 hours under argon.  The excess acetyl chloride was evaporated under reduced pressure 
to afford a yellow solid (8.50 g) that was dried in vacuo.  This yellow solid (8.5 g, 19 mmol) 
was then heated at 110 °C in molten phenol (35.0 g) for 16 hours.  Aqueous 40 % KOH (90 
mL) was added to the reaction mixture to precipitate the crude product which was 
collected by vacuum filtration and washed with H2O (4 x 100 mL).  This yellow solid was 
then dissolved in DCM (200 mL) and washed with 1M HCl, sat. NaHCO3 (aq) (100 mL), H2O 
(3 x 100 mL), and dried over MgSO4.  The solvent was evaporated in vacuo to afford a crude 
yellow solid.  Purification of this crude material by column chromatography using an eluent 
of 50% DCM: 50% Hexane afforded the pure product as a white solid (8.8 g, 89%); m.p. 
302-305°C; 1H NMR (400 MHz, CDCl3) 7.27 (6H, d, JHH = 8.0 Hz, Ar-H), 7.11-7.06 (8H, m, Ar-
H), 6.72 (2H, d, JHH = 8.8 Hz, Ar-H), 4.69 (1H, s, OH), 1.33 (27H, s, CH3); 13C NMR (100 MHz, 
CDCl3) δ 153.3, 148.3, 144.1, 139.8, 132.5, 130.7, 124.1, 114.0, 63.1, 34.3, 31.4. 
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2-(2-(4-(Tris(4-(tert-butyl)phenyl)methyl)phenoxy)ethoxy)ethanol 3,5 
 
 
4-(Tris(4-(tert-butyl)phenyl)methyl)phenol 3.14 (9.9 g, 20 mmol), K2CO3 (2.8 g, 20 mmol), 
and Cs2CO3 (3.20 g, 9.9 mmol) were suspended  in dry, degassed MeCN (100 mL) under 
argon.  2-(Chloro)-ethoxy ethanol (4.9 g, 39 mmol) was then added, and the reaction 
mixture was refluxed for 7 days.  The reaction mixture was filtered through celite and the 
solvent evaporated.  Recrystallisation from DCM: Hexane (1:3) afforded the pure product 
as a crystalline white solid (11 g, 92%); m.p 279-281 °C; 1H NMR (400 MHz, CDCl3) δ 7.24 
(6H, d, JHH = 8.4 Hz, Ar-H), 7.09  (8H, d, JHH = 8.0 Hz, Ar-H), 6.81 (2H, d, JHH = 8.4 Hz, Ar-H), 
4.13 (2H, t, JHH = 4.8 Hz, OCH2), 3.88 (2H, t, JHH = 4.8 Hz, O-CH2), 3.78 (2H, t, JHH = 4.8 Hz, 
OCH2), 3.70 (2H, t, JHH = 4.8 Hz, OCH2), 2.18 (1H, t, JHH = 6.2 Hz, OH), 1.32 (27H, s, CH3); 13C 
NMR (100 MHz, CDCl3) δ 156.5, 149.8, 144.1, 129.3, 127.5, 124.7, 113.1, 70.2, 69.8, 67.3, 
63.1, 50.7, 34.4, 31.3. 
 
2-(2-(4-(tris(4-(tert-butyl)phenyl)methyl)phenoxy)ethoxy)ethyl-4-methyl benzene 
sulfonate 3,5 
 
 
2-(2-(4-(Tris(4-(tert-butyl)phenyl)methyl)phenoxy)ethoxy)ethanol (5.3 g, 9.0 mmol) was 
partitioned between a solution of benzyltriethylammonium chloride (0.081 g, 0.35 mmol) 
dissolved in DCM (17 mL) and an aqueous 30% NaOH solution (10 mL).  This mixture was 
cooled in an ice bath.  Tosyl chloride (0.82 g, 4.3 mmol) was then added portionwise over 
1 hour, and the resulting solution was stirred at room temperature for a further 36 hours.  
The reaction mixture was then diluted with H2O (20 mL) and extracted with DCM (3 x 30 
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mL).  The organic extracts were combined, washed with H2O (2 x 25 mL), and dried over 
Na2SO4.  The solvent was evaporated, and the crude residue was recrystallised from DCM 
and EtOH (1: 3) to afford the pure product as a cream solid (6.1 g, 91%); m.p 196-198 °C; 
1H NMR (400 MHz, CDCl3) 1H NMR (400 MHz, CDCl3) δ 7.81 (2H, d, JHH = 8.0, Ar-H), 7.27 (8H, 
d, JHH = 8.0, Ar-H), 7.10  (8H, d, JHH = 8.0 Hz, Ar-H), 6.76 (2H, d, JHH = 8.8 Hz, Ar-H), 4.21 (2H, 
t, JHH = 4.4 Hz, OCH2), 4.02 (2H, t, JHH = 4.4 Hz, OCH2), 3.78 (4H, m, OCH2), 2.40 (3H, s, CH3), 
1.32 (27H, s, CH3); 13C NMR (100 MHz, CDCl3) δ 156.4, 148.3, 144.8, 144.1, 139.9, 132.9, 
132.2, 130.7, 129.8, 127.9, 124.0, 112.9, 69.9, 69.3, 68.8, 67.2, 63.0, 34.3, 31.4, 21.6. 
 
2-(2-{4-[Tris-(4-tert-butyl-phenyl)-methyl]-phenoxy}-ethoxy)-ethylazid (3.5) 3  
 
 
 
Under an argon atmosphere, 2-(2-(4-(tris(4-(tert-butyl)phenyl)methyl)phenoxy) 
ethoxy)ethyl-4-methylbenzenesulfonate (6.1 g, 8.2 mmol) was suspended in dry, degassed 
DMF (60 mL).  Sodium azide (8.2 g, 126 mmol) was then added portionwise over 1 hour, 
and the reaction mixture was stirred under argon at room temperature for 4 days.  The 
reaction mixture was diluted with H2O (250 mL) and extracted with DCM (3 x 200 mL).  The 
organic extracts were combined, washed with brine (200 mL), and dried over Na2SO4.  The 
solvent was evaporated under reduced pressure, and the crude residue was purified by 
column chromatography using 20% Hexane: 80% DCM as the eluent to yield the pure 
product as a cream solid (4.0 g, 80%); m.p 207-209 °C; m/z (ESI-MS) [M]+ 617.3926 
C41H51N3O2+ (calc. 617.3981); 1H NMR (400 MHz, CDCl3) δ 7.26-7.24 (6H, m, Ar-H), 7.10  
(8H, d, JHH = 8.0 Hz, Ar-H), 6.81 (2H, d, JHH = 8.8 Hz, Ar-H), 4.14 (2H, t, JHH = 4.6, CH2-O), 3.88 
(2H, t, JHH = 4.6 Hz, O-CH2), 3.77 (2H, t, JHH = 5.0 Hz, CH2-O), 3.43 (2H, t, JHH = 4.8 Hz, CH2-O), 
1.32 (27H, s, CH3); 13C NMR (100 MHz, CDCl3) δ 156.5, 148.3, 144.1, 139.9, 132.3, 130.7, 
124.1, 113.1, 70.2, 69.8, 67.3, 63.1, 50.7, 34.3, 31.4. 
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5.3 PREPARATION OF DYNAMIC DISULFIDE LIBRARIES 
Analytical scale libraries were carried out at room temperature on a 1 mL scale in CHCl3.  
DBU was added to the libraries to initiate disulfide exchange such that ca. 5 – 125 μL of a 
40 mM stock solution in CHCl3 was added to give the required equivalents of DBU.  The 
libraries were stirred in close-capped vials and were periodically monitored by HPLC.   
 
 
5.4 HPLC AND LC-MS METHODS 
HPLC-grade MeOH, THF, DCM and water were filtered with a 0.45 μm Millipore filter and 
used without further purification.  HPLC analysis was carried out on a Hewlett Packard 
1100 system coupled to a diode array detector and the data was processed using Hewlett 
Packard Chemstation software.  Analytical separation was achieved in the reverse phase by 
injecting 5 μL of the DCL solution onto a reverse phase Agilent C18-SB column (250 mm × 
3.0 mm, 5 µm particle size) with an optimised gradient (Tables 5.1 and 5.2) at room 
temperature at a flow rate of 1 mL/min.  Normal phase HPLC was carried out using an 
Agilent silica column (250 mm x 3.0 mm, 5μm particle size) with an optimised gradient 
(Table 5.3) at room temperature and a flow rate of 1 mL/min. 
 
LC-MS analysis was carried out on an Agilent 6520 Accurate-Mass quadrupole time-of-
flight (Q-TOF) liquid chromatography/mass spectrometry (LC/MS) system.  ESI mass 
spectra (positive ion and negative ion mode) were acquired in ultra scan mode using a 
drying temperature of 350 °C, nebulizer pressure of 55 psi, drying gas flow of 10 L/min, 
capillary voltage of 4000 V, an ICC target of 50,000 ions, and a target mass of 1000. 
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Table 5.1:  Reverse-phase HPLC gradient used to monitor disulfide libraries generated 
from porphyrin dithiol 2.2.  
 
Time (min) 
 
% MeOH 
 
% THF 
 
0 
 
80 
 
20 
 
15 
 
60 
 
40 
 
20 
 
60 
 
40 
 
 
Table 5.2:  Reverse-phase HPLC gradient for disulfide library generated from 1,5-
dialkoxynaphthalene dithiol 2.1 and naphthalene diimide dumbbell 2.5 
 
Time (min) 
 
% MeOH 
 
% THF 
 
0 
 
95 
 
5 
 
8 
 
95 
 
5 
 
18 
 
75 
 
25 
 
23 
 
75 
 
25 
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Table 5.3:  Normal-phase HPLC gradient used to monitor disulfide library generated from 
dithiols 1,5-dialkoxynaphthalene 2.1 and naphthalene diimide 2.3. 
 
Time (min) 
 
% DCM 
 
% MeOH 
 
0 
 
100 
 
0 
 
10 
 
97 
 
3 
 
12 
 
97 
 
3 
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APPENDIX 
 
IR Spectra of Functionalised Polystyrene Resin Beads  
 
 
 
Figure A1  Full IR spectrum for bipyridinium thread functionalised beads 3.20. 
 
 
 
 
Figure A2  Full IR spectrum for bipyridinium rotaxane functionalised beads 3.1 using 1 equivalent 
of crown macrocycle 2.4 during synthesis. 
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Figure A3  Full IR spectrum for diimide rotaxane functionalised beads 3.2 using 1 equivalent of 
crown macrocycle 2.4 during synthesis. 
 
 
 
 
 
Figure A4  Full IR spectrum for bipyridinium rotaxane functionalised beads 3.1 using 5 equivalent 
of crown macrocycle 2.4 during synthesis.  The residual azide resonance at 2108 cm-1 has been 
highlighted. 
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Figure A5  Full IR spectrum for diimide rotaxane functionalised beads 3.2 using 5 equivalent of 
crown macrocycle 2.4 during synthesis.  The residual azide resonance at 2108 cm-1 has been 
highlighted. 
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